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NASA TT F-9_O

STUDY OF A N_THOD OF LOCAL CHEMICAL AND ISOTOPIC ANALYSIS _/1
USLNG SECONDARY ION EMISSION

Georges Slodzian*

A semi-qu;mtitative microanalysis method with secondar#

ion emission, for directly obtaining distribution elec-

tron images whose limit of resolution is of the order of

m_cronc, permitting localization of a given light element

-_ma chemical h_nd and isotopic _lalysis, is described.

The obtainable resulcc are demonstrated on the example of

identification of oxides and are e_trapolated to all pos-

sible solids including metals _d minerals. The physical

principles of conversion of ion tr electron haages are

discussed, and form__lasfor computing second- and third-

order aberrations _-rederived. TT_eexperimental appa-

ratus, working with argon ion g_u, icmersion lens, elec-

tromagnet, image converter, telephotolens, and fluorescent

screen, is described in detail, with suggestions for

further improvement in resolving power and sens_t_vi_r.. _

INTRDnUCTION

Basically, mlcroanalysis has the purpose of establishing the chemical com-

position of _m extremely small zone of a solid specimen. This spot analysis,

* LaborAtory of Solid-State Physics (Professor R.Castaing); Faculty of Sciences
(Centre d'Orsay S.-et-O_.

** Nmnbers in the margin indicate pagination in the original foreign text.
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NASA _ F-9_O

which has been extended gradually, permits an investigation of local variations

in the concentration of any one of the constituent el_n_nts and, consequently,

the plotting of a diagram giving the distribution of tkis element within the

specimen.

A highly efficient method of microanalysis is already in existence, based

on the emission of X-radiatloo, which had been studied and developed about a

dozen years ago by R.Castaing (Bibl.1, 2, 3)- The general principle is as fol-

lows: An electron beam is focused on the specimen on _ "spot" of very

dimensions (diameter l_ss than one micron); the small volume of matter irradi-

ated by the electrons (of the order of _s) _dts. amor_ others, a characteristic

X-ray spectrum of the elements con_ain_ within this vol_ne. The wavelength of

the lines of the emitted spectrum permits an identification of the chemical

nature of the electrons, composing the specimen; based on the intensity of these

lines, the quantitative composition can be established wi_h an accuracy of the

order of 1%.

This method has already found numerous applications but nevertheless pre-

sents several drawbacks:

The presezAceof a continuous X-ray spectrum, emitted at the same time as

the characteristic lines, makes the detection of low-concentration element_ in

the specimen extremely difficult.

The ready absorption of X-rays of long wavelengths makes the analysi_ of

constituents with low atomic number extremely difficult (such az oxygen, carbon,

nitrogen, etc.).

Finally, the distribution curve of an element within the specimen cannot

be plotted except by means of a series of stepwise analyses or by the artifact
L
i

bf electronic (Bibl._, 5) or mechanical (Bibl.6) scanning.

2
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Instead of making use of the emission of a characteristic X-ray spect_

for differentiating the various elements contained in a given specimen, it is

&lso possible to define their mass ratio. From the £-_rst,mass spectrography

presents two considerable advantages: On the one hand, the light elements are 1

readily detected and, on the other hand, the continuous background due to the

diffusion of ions by the residual gas in the vacuum enclosure can be sufficien_

ly reduced to permit the detection of elements in low concentration. Still, it

is necessary to select a mode of ionization of matter which permits a localiza-

tion of the emission of characteristic ions of the elements composing the ana-

lyzed material.

Various types of ion sources are used in the spectrographic s_alysis of

so?_ds. In the source with a glow anode, the solid is deposited on a filament
• , t i

_ h_mted by passage of an electric current. The incandescence of the filament

produces an evaporation of positive ions from the solid. Thus, cesium when de-

posited on a tungsten filament will emit Cs+ ions. However, this phenomenon is

interesting only for elements that readily change to the ion state. In fact,

it is necessary that their ionization potential Vi be lower __,,_n the work func-

tion e_ of an electron of the metal used as support. This limits the elem_ntq

that can be analyzed to alkalies, alkaline-earth metals, and metals of rare

earths. In another type of source, the solid is heated in a small oven in vacuc

and it_ vapor is ionized by an electron beam. The elements bhat can be analyzed

with this process are much more numerous, but in any of these cases it is im-
1

possible to obtain a localization of the emission. The _dvantage of such
i

sources p_-imai'ilylies in the low energy dispersion of the ions produced by

ibhem(0.2 ev for a source with incandescent anode).

The use of a spectrograph with angle and energy focusing (double-focusing)
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makes it possible to use sources that have an energy dispersion of several

electron-volts, as is the case for spark sources of high frequency (Bibl.7). In

these sources, the spark jumps between two electrodes machined into the material

to be analyzed (or oscillates between an electrode and a single-hole plate).

The tapered shape given to the electrodes makes this type of source unsuitable

for investigating metallographic specimens. In addition, the localization of

the emission would constitute a problem rather difficult to solve.

A novel possibil._.tyof ionizing the matter composing a solid was developed

in investigations of the phenomena of cathode sputtering. It has been known

for long (Bibl.8) that a target struck by an ion beam will disintegrate in the

form of neutral particles; however, recently various authors (Bibl.9 - 15) have

demonstrated a different aspect of the phenomenon by showing that a considerable

fraction cf the sputtering products are composed of ionized particles. These

particles, known as secondary ions, are f_ _ed from atoms present at the surface

of the specimen. Thus, these particles aAe to the largest extent characteristic

Of the component elements of the specimen although the emission may be influ-

enced, especially at the beginning, by the presence of adsorbed gases. A source

making use of this emission of characteristic secondary ions of the target con-

stituents is of dual interest; such a source permits the use of metallographic

' specimens and also makes it possible to localize the emission, In fact, the
q

)ocalization of secondary emission can be obtained by bombarding a small region

of the pl_n_ sure'aceof a solid specimen, by means of an "ion probe". However,

_ Without mentioning she difficulties resulting from producing an ion spot as fin?

as the electron spot used in the microanalysis by X-ray omission, this mode of

' localizing the emission of secondary ±onq does not eliminate the necessity of-,(,

L

" _sing scanning means for properly establishing _he distribution curve of a give_

r
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element.

In the new microanalysis method, whose development is the main object of

this work, the primary particles bombard a rather extensive area and the second-

emitted by the target are focused on an image of the obJecL surface byary ions ""

means of a suitable corpuscular optical system, as is done for secondary elec-

trons in emission microscopy. Here, a device resembling those used in mass

spectrography is used for isolating, from all secondary ions that contribute to
o

the formation of this image, those that are characteristic of a given element

and that, because of this f_ct, produce the distribution curve of this element;

the initial image is thus ._uccessfullyresolved into as many "elementary images"

as there are elements or isotopes of the same element on the bombarded surface. !

Thus, secondary ion _nisslon permits developing a microanalysis method

which, to some extent, seems to avoid the drawbacks inherent to microanalysis

by X-ray emission. However, it should be noted that sputtering is a destructive

process presenting a certain disadvantage with respect to mlcroanalysis by X-ra2

emission. However, this disadvantage is not as important as it would appear at

first and may even havo some interesting aspects. In fact, as the sputtering

progresses, regions at greater depths are reached; this offers the possibility

of studying the object at various levels and, specifically, at the level of its

b)

3urface layer.
H _

'_ Prlmarily_ we ",rill. discuss the principles of the setup developed by us,

pomprising basically three parts that have the purpose, respectively, of formin_

• the ion image, of realizir_ its magnetic filtering, and of detecting the select()d

,, _ismentary image by means of a suitable device. This will be followed by ai

_, _escription of the experimental equipment designed by us and by a discussion of

. the experience gained in perfecting this design. Next, _a will investigate

5
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several characteristics of secondary ion emissivn, which will permit to define

the analytical conditions. Finally, we will give several application ex&m_les.

CHAPTER I

ELECTS OF THE _USCULAR OPTICS US_
i

I. lu_ersion Objective i

Emission electron microscopy gives n_erous examples (Bibl.16) of devices

that permit the investigation of the surface of solid specimens by means of

electrons emitted by the specimeu. The use of ions instead of electrons merely i

means that. among the devices used, we must select those _nhoseoptical system

is purely of the electrostatic type. Speaking in a general manner, this optical

system comprises an accelerating section combined with a focusing section; these

t_ parts can be either merged or separate. In the first case, we have a simple

Johanson objective (Bibl.17) which had been _nves_igated specifically by Septier

(Bibl.18) while, in the second case, we have a composite objective whose mag- i

netic variant has been studied mainly by Fort snd Simon (Bibl.19, 20). We _.de

use of both of these possibilities and finally decided on the composite object-

ive which seems better suited to our specific problem.

a. Acceleration of Secondary Ions

The plane target M is bombarded by a beam of positive ions with an axis

KXt. Let a positive secondary ion be expelled at an initial energy e_ and
L

_ leave the target at an angle _o with the normal to the surface. This secondary
i

_on is accelerated by the uniform e_ectric field_Fo, existing between the target

brought to the positive potential V and the plane electrod_ A parallel to M at

_he potential of the mass and at a distaace A from the target (Fig.Z).

6

1965020126-008



The trajectory of the ion (so, _$o), _merging from .. _nt P of the target,
i

' thus preseuts a parabola l_ited on one side in P by the plane M and, on the

i',Other side, by its intersection L with the pl._neA. From the optical viewpoint,
7

A

1

|l L in
L6

!')

.!I

22

2")_ '

A

%:5

,7 ._

") Fig.l

_ itheprocess is the s_e as though +.he_raJ_etory would continue over tf_ tangenl

_ n L to the parabola. Let us now c_n&tdler,for the same value eqb of 'v, initi-
L

_c, _JLkinetic energy, all trajectories _e_,gir.gfrom P: lhe envelope of t__.tan-

_ _ents that form the extension of these trajectories is a caustic surfa-_ of

_c_ evolution about the z'z axis perpendic_-karto the target in P. T_o _>er_,ec-

_' _;ion of this caustic by any plane cont_&n_'_, z'z is _e-trmc _.:4' _ _ ..._peet to

_" z_z and presents an inflection point or _'cusp"_nis arrangement _._q_Aitefre-
_ quent in optics, the system (M, A) is n_t stigmatic and gives, 0¢2'the point P,
iv

_ _ virtual image contaminated by aberrations.

_o _ese aberrations are due to the fgct that the ions depart at nonzero ini-

_ _ial ener_.v;it is obvious that, for a _ initial energy, the apert_ of the

I 7 i • /]

i
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beam emerging from P would be zero and the resultant image would be perfect. -
4

i The ima_,_I_ of any point K of the target given by the system (M, A) pre-

sents the same characteristics as the image P_ of t3e point P. In addition, P_

and K_ are located in the same plane perpendicular to ztz and at a mutual dis-

;mace such that KP = _Po'- T_ raises the question as to Jhe resolving

',! )ower of the system (M, A). i

_ a) Limit of resolution. The answer to this question is obtained by calcu-

_ _at:Lng the radius p= of the aberration figure which st_rrounds the Gaussian
I(_ ':

l_ _age P_ of P. The equation of a parabola (_o, _o) is written as

'" i Eo _._ (ll
!o i _= 4 q:'osin=Otor' + tg

-"----_n the system of rpctangulaz -oordlnates (Pr, _: ); see Fig.l.

i Aside from this, the velocity component _o sin eo along the axis perpendicl-I
_'(} 1 ............

_ _ar to the electric field is retained. This will yield: _v/_osin_o=Ct%/V-7__o
-_-_' !

--'__ere _ is the angle of the tangent in L to the ztz axis. Moreover, it c_n be
I

_ssumed that the initial energy of the secondary ions is small with respect to

_ -_he accelerati_ potential; from this it_follows _hat =-_ sin Oto.

_ I A simplified calculation then show_rthat the intersection P_ of the tangenI

" I i

"- in L wi_h the axis z_z is such that i

-'o PiP = A I -- 2 -q cosCto.
II

'" As soon as _o tends toward O, the point _ will tend toward the point _o,

_' he Caus_ian image of _, such that P-_==A _--2 _ . From this, we can

t 'egive the lonsi+.udinal aberration:

L - !
he radius p, of the aberration spot in ;gheGaussian plane (plane perpendicular

, _ ---

! °

I
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to z'z in _o) will then be _ " _o, i.e.,

9e

p,= 2A _. s,:, _(! - cos xo).

How_;ver.the optimum focusing plane is not 'oc&ted at _, bug between _t

and _o, at a d_stance --1 _ip_ from _o (Bibl.21).,%
t.

The radius of the aberration spot in this plane gives a measure re;_ _he

resolution limit 5. We b_ve

" " (2)

To improve the resolving power, we could either change the value of

: sin _o(I - cos eo) or else the accelerating field _. The initial energy eeb of

the secondary ions is a physical constant which is imposed. Con3equently, an

improv_nent in the resolving power can be obtained only by va_.¢ir_the angle _,

:_ i.e., by eliminating the fast particles that depart at too high _n angle. How-

:- ever, it will be s,ho_nthat the contrast d_aohragm, introduced for this purpose;

results _ a reduct.-'.e-of the image luminosity; this means that one cam_notgo

_ery far in this direction° It se_ms _referable to %_ry the electric field Fo ,

but also shore we are limited by the requirements of illumination of the object.

:_ b) Illumination ofthe Object. The target is bombarded by a beam of posi-

" tire primary _ons whose axis XX, makes an angle of $_ with the axis zzT; since

the target _q pn_i+_]y polarized, it repels these ions along a parabolic

': _rajectory having the equation

,, [ : '= 26_(" + '')' -- (r .4-to)+ A (3:
, q !

"'_Where e_o is the emer_ of the incident ions and tb is the distance after which

'_ _he primary ions "sense" the electric field. The incidence of the beam must be

_t an angle that permits retaining an ion density sufficient to operate under

_-) the conditions of cathode sputtering. If the geomet#ic parameters of the para-

9
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_olic trajectories are prescribed, any _ncrease in F_ will necessitate an i:_

V
crease in V and _o such that the ratio -- will rem_'lnconstant. Moreover. the

secondary ions must then pass into the magnetic field of the mass spectrograph;

for this reason, it is of no interest to impart too high an energy to these ions

if one _shes to ma_utain a reasonable value for the radius of c_rwature of the

trajectories in the magnetic field and, consequently, accep_xble dimensions for

the apparatus.

It also would be possible to increase Fo by reducing the geometric dimen-

sions (to and A) and to retain the same angle of incidence on the target; how-

e',_r,it is obvious that there again wc encounter a practical limit which it is

difficult to exceed.

In par_, these difficulties could be overcome by _ing, for the primsry

bombardment, neutral particles instead of positively charged particles; this

would have the additional advantage of introducing the energy of the primary

particles as a new parameter which could be readily influenced in such a manner

that optimum bombardment conditions could be obtained.

Divergent effect of the orifice O. The secondary ions leave the acceler-

ating space, comprised between the tarEet M and the electrode A, thrcugh a circu-

lar orifice 0 made into the electrode A. The axis of this orifice ._olncides

with the above-defined axis zVz. _rpendicular to the electrode A, the ions

pass from a region of uniform electric field to a region of zsro field. All

along this path, the electric field retains symmetry of re_oluticu abou+ the

axis z'z. The conservation of the electric induction flw_ results in th_ :rea-

_ t_on of a radial electri: field E_, correlated with the first derivative of the

electric field on the axis F_ by the relation

I0
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_:- (_)

It follows from _his that the ion trajectories, while passing through /5

the orifice, undergo a radial acceleration which causes them to diverge.

Calculations made under the asst_ption of a sharp disconti..uityof the

electric field in the plane A (Bibl.20) show that, at the Gauss approximation, :

the effect of the orifice 0 is that of a divergent lens placed in the plane A !

at a focal length of--4A. The image of the point P is definitely a point _ i

A

located at A be_dnd the po_t P; _ " ; the image of a small segment Kp
3 3

is a segment _ such that _ = 2.

, Let us also mantion that, at the exit from the orifice O, the rays have an_

•angular aperture equal to 3 sin % in accordance with the Lagrange_
"" 2 4

-" Helmhol_z relation; the exit pupil of the investigated system, which convention__
i

ally is known as "crossover", is virtual and loc_ted in Co at _/ behind the

" plane of the electrode A at a diameter equal to _A _V_-.

Complete immersion lens. To observe the obtained virtual image, a con-

' vergent lens is required. In back of the electrode A, two electrodes F¢ and Fa

" • L

. 1

't

I

i

,: ! F_g.2

ii I
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are arranged, consisting of circula_ diaphragms with an axis z'z, with the elec-

trode F_ being positively polarizPa and the electrode Fm being at the mass po-

tential. The unit (A, F_, m_) fc_nmsa three-electrode unipotential lens L.

_e lens L, of the _-irt_aiimage, _=res a real image _ and, of the -_rt,ual

crossover CO . a real crossover image C. If w_ olace a diaphragm D with a dia-

meter d at the point C, we can eliminate those ions which, at a given initial

energy, had been emitted at too h_gh an exit angle _o or which, at a given exit

angry, had been e_itted at too high an initial energy e_o; this makes it possible

to influence the reJo!ving power.

a) Resolvin_ ___r. To be sumewbmt more accurate, let us imagine that.we

have placed the lens L in such a manner that it produces, of the crossover Co,

a real image at an enlargement of -I (Fig.2). Tne ions. emitted at an initial

energy emo and at an exit angle _, traverse th_ plane of the crossover C at a

distsi_ce0 from the axis such that

p---p,.(?,/._i. _ where p_(9o',_ 4A'_/-_?. (5)

_- The contrast cU.aphragm permits bhe passage of a33. particles hav_g an energy

lower than or equal to au energy e_o. whose value is given by the relation

2_M(_o.) = d. A portion of the ions with an initial energy above e_. i_

stopped, and only particles such that p _ d are passed, i.e., ions whose

lateral velucity is below or equal to _ _/_ . Referring to the expre3sion

£or the resolving power, it is easy to demonstrate that 6 begins increasing

; _B •'_ linearl3"as a function of e_o up to a value of 6, = _ As soon as the in-

luence of the diaphragm begins to manifest itself. 6 decreases because of the

" _act that _ osi._ , which is the lateral component of the initial veloci-

by, i_ limited to a maximum equal to _Av., , _ich causes a decrease in th__ !

12
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factor _(I - cos so) and thas of the expression ¢o sin _o(! - cos Co).

Yhe curve plotted in Fig.3 describes the variation in the limit cf resolution,

as a function of the initial energy ecb.

5

f

_ Fig.3

: Thus, the diaphragm plays the role of an energy filter whose action in-
t

flu_nces only the "lateral energy" (denoting here by lateral energy the kinetic

energy corresponding to the lateral velocity). It follows fro_ this that the

_niti_a! :fldth of the energy dispersion band r_ns ,ulchanged but that the energy

_ distribution at the interior of this band is basically modified. Nevertheless.

_ _his "imperfect filtering" would be sufficient _ absolute value to rrevent an

_ _mfluence of the fast particles on the l_sol-_ng power provided that, during

_,, _assage through the orifice 13 and specifically within the len.q L, the ions of

_iffering energy were focused in the s_e manner. Since, however, this latter

• , _ondition i_ not satisfied, it must be expected that chromatic aberrations _IIi

bontaminate the image Io.
i(" I

,,_ b) Filter_m_ efficiency. The proportion of particles eliminated by the

'_ 'ff t ex nth,_ filter e ec erred o e initial lateral energies depends on the angular

_istribution of the secondary ions. In order to define the possible course of

13 i
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these phenomena, let us assume that the emission takes place in accordan6e with

a law of the type of Lambert_s law used in optics. The mnnber dn of energies

of ions with an energy eCb, _nitted in a solid angle cLOabout the exit angle eb

is given by the expressions dn = _(% ) cos _odO, where _(% ) is the number of i

ions with an energy of e%, emitted per area of the imaged field and per ste-

radian. The number of particles emitted in the solid angle, limited by the

half-angle cones at he vsrtex _o and _o + d_o, thus will be

dn = zr-_V(?o)si, _oeus _.,.

" In addition, in the diap_hragmplane, the particles emitted in the investi-

_ gated solid angle pass between two circles of radii 0 and 0 + dp. The area da

: of the circular corona, comp:'isedbet_en these two circles, has a value of

_pd0, i.e.,

,, , - (6)-- do, = _rtp._ sm oco eo_ _d_. o,
2-" *

-> We thus have i
• -, ,, p da '_

., (7)

_, Consequently, the crossover C is covered by a uniform deu_ity of particles.

_ _he ratio of the number N0(0o) of particles allowed to pass by the dia-

_ phragm to the total numbez NT(qb) of emitted particles is equal to the r_io of
1

, _he area of the diaphragm to the area covered b3 the crossovpr grouping the
,I !

_ons of energies _ in the plane C, i.e.,
!

_' N. d_ d_ V N.
_aence ?°" (81

_N

," c) Chromatic aberration. Chromatic aberrations are produced on passage
_S

_ _hrough the orifice 0 and during focusing of the secofidaryions by the lens L.

_I The orifice O, separating a region bf uniform field Eo from a region of

I
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practically zero field plays the role of a divergent lens of a focal length -4A.

The vacation in slope _r' of a trajectory passing in the plane of the orifice

at a distance r from the axis, is given by

r |t o

• 7he divergence of the orifice 0 is less pronounced for fast ions emitted

,. along the no_aal to the object. However, as soon as, at a given energy e_r_, the

:_ exit angle % inci_eases,the divergence will increase up to a value independent

_- of the initial energy at s o = -._-; this is due to the fact that the velocity

:, alon_ the axis is then the same for all particles, no matter what their initial

_: energy might be. Starting from the expression (9), we c_n calculate the radius

__ )t of the chromatic aberration spot which surrounds an _ge point

' (lO',

:_ Two different types of chromatic aberration can be differentiated: chro-

"(_ t_tic aperture aberration (aperture defect) and chromatic field aberration

_: _field curvature). A beam of trajectories emerging from the object will diverge

i

_' more or less, a_fter the orifice O, depending on the m;_gnitude of the initial
:,S ,

_nergy. Due to this fact, a chromatic aberration _ill appear on the image whic_

_ lepends on the aperture of the beam. This chromatic aberration will occur only!

_) _t the center of the image. A trajectory emerging from the center of the objec_

' _ill pierce the plane of the orifice 0 at a distance r_-_A V.i._ from

; _he axis. Consequently, this trajectory will deviate the more from the axis /'

,5 ih ,
_2 e greater the initial lateral velocitY; however, the diaphragm imposes an

_ _pper limit on this velocity and causes the expression of the radius p_ to be-50

_ome (1 ''20 _o,.
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Dividing this by the 2 eltlargementyields the value 0c of the aberration
3

radius, reduced to _:nelevel of the object:

(12)!

The variation in the divergence of the orifice 0 with the energy of the

ions traversing this orifice also leads to the introduction of enlargement dif-

ferenc;s on the image. The degree of aberration will increase with the dis-
!.

,tance h from the i_ginsr3, point at the center of the object. Naturally, this

_, _chromatic field aberration is superposed by the chromatic anerture aberration

:_ 'rwhich has been calculated above. Let _,_ be the chromatic shift at the level of'

, ithe image; since r = h, we have
3!

I,_o i.e., 4== !__o on the object (13)
2_

:_, To give an order of magnitude, let us imagLne a lens provided wi_h a dia-

:_ iphragm of 0.5 _ diameter, limiting the lateral energy of the ions to 1 ev. As I

;_ ]values for the other parameters, let us take A = 3.75 _m and g --3750 v, which i

._ !will give an extracting field Fo = I04 v/cm and lead to a limit of resolution 8_
! I

_ jof the order of microns. For values of ,_ of the order of 10 v, we obtain oa

• - 0.15 _ at the center of the image and _¢ _-0.2 _ along the edge of a field

_ of 0.3 1_ diameter. These aberrations have a direction opposite to that intro-

_, _uced by the lens L but, as demonstrated below, these latter are of a higher
iI

L' _rder of magnitude.

,, The lens L, for ions whose initial energy _aries by AV, presents a varia-

_ iAf K • --_ where K is the chro-,_,Itlon of Af of the focal length given by _ =

_ tic aberration coefficient of the lens, for a lens of the type used, K is of

'_ ,he order of 3.5 (Bibl.21). Taking intq consideration the 2 enlargement pro-

_2 _uced by the orifice O, the radius _. o_ chromatic aberration at the level of

1

I
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She object will be

. 2 _\"
. t__ K._./..", V-

; where • is the half-aperture of the be_ on the object side:

' _=.;,'V v ..,,._o= _._-
u

Defined, we obtain

P,=_ • ;,,.K-- .1. (2.3

_(' This is the aberration at the center of the observed field. There also
I "

_ sxists a chromatic field aberration produced by the variation in enlargement of

"'_ _he image Io whenever the initial energy of the secondary ions varies. The ion_

"_ of differing energy, emerging from a point of the object located at a distance
2 l

'_ _rom the axis _nd leaving the object perpendicularly, enter the lens under _
_ I h
2(, _nclination of ff= -_ but do not all pass through the center of the crossover_
-'--I /+t_

- _,,',:.'__"trajectories intersect the axis in points located at 2f frum the
=o I

penter of the lens L. This results in a chromatic shift il of each image point

With the fast ions deviating less from the axis than the _lo,_mrions. This

_ _tisplae,_Lent reduced to the level of the object, taking the _ enlarg_ent
:,5 _,' .3

_iven by the orifice 0 into consideration, will be i

Ay 1

_ i.e., 3 1

• ;_ v 4.
t

_ To give an order of magnitude, Let us take f = I0 _ as the focal length

of the lens L. The value of AV is _or_ !difficult to determine since, dependingi_,

on th_ potential applied tc the ceztral 'electrode,it is not the ions of the

same energy that are focused at a foc_ length f. For example, if the initial

:1.7 "!
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energy band, covered by the ions, is limited to i0 ev, the excitation of the

lens L can be controlled in such a manner that the focusing_takes place at a

focal length f for ions whose energy takes any of the values of this band. The

selection of this value depends on the energy distribution of the ions after the

dianhragm; to fix the concept, let us take the mean of the band, namely, _V =

= 5 v. At the center of the field we will then have an aberration of the radiu:
I

PQ _- 1.7_. Along the edges of a field of 0.3 mm diameter, we must use a value

_ Of AV = lO v since &a represents the d_stance between the slowest and the fastest

_= mrticles: _a _-2.8_. If desired, these values can be corrected by the aberra-

tions given by the orifice O, yielding: p@ _-1.6_ and _@ _- 2.6_.

_ • The chromatic aberrations may seem prohibitive, specifically when consider-

z_-_ _mg that the initial energies may have se_.,ral l_undre.ds of volts. In fact, _,he

_ magnetic prism which separates the secondary ions in accordance with their mass,

_ &lso isolates an ener_ band for ions of the same type. In add_.tion, _._ d_on-

_' _trated above that on_ a fraction %---_of particles with an energy '_eopasses r

"_ _hrough the diaphragm, so that the chromatic aberrations discussed here appear

_ _n the form of halos which become increasingly faint as the energy eCb increase,'.
$

_ )Llthough these halos interfere much less_i ,0¢ith the optical resolving power than

_ _uld be expected from their calculated numerical values, the, still may reduce

_'> _he accuracy of the analysis. Let us mention also that the aspect of the '8

'_ _berrat_on figure changes with the adjuetment or focusing of the lees. Finally

_" _ calctEI.ation of the aberrations at the _.evel of the crossover shows that their
II

_ _ffects on the filtering are n_gligible.i

_6 Iiv

I The in_nersionobjective, described iabov_,represents a lens system which,

_u ecause of the fact that the optics use is electrostatic, focuses in the same

'_: _nner &ll ions, independent of their c_arge-to-mass ratio e/re. A31 the ions,

18 _ !
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no matter what their charge or mass might be, thus participate in the same way

_.n the formation of an enlarged image of the object surface. For observing thi:
I

"_onimage, it would be easiest to use a fluorescent screen. Unfoltunately, the

availsble fluorescent screens have an extremely low sensitivity for ions and

_, Specifically for heavy ions which _ravcl at relatively low velocities; in addi-

:_ _ion, metallic ions, for example, rapidly contaminate the phosphors by coating

hem with a layer opaque to ions. Finally, the fluorescent substances generall_
it ,

ks _re insulators which means that they become positively ch_a_,ed by retaining the
16 i

'- _ons and, under their impact, emitting secondary electrons which results in a

_ _igration of the image and breakdowns. We were able to bypass this difficulty
20 1

_ _ using an _ge converter of a type suggested by Mol"lenstedt (Bibl.22) and

:J _xo,erimentally investigated by Jo_ffrey (Bibl.23).

_.',_._. Im_e Converter ...... _

_ 1 a. Principle
_"} 1

;0 J

The principle of the image converter is as follows: The real ion image i_

_ _ormed on the highly polished cathode o_ an emission electron lens. The impact

_s 1ofthe ions on this cathode produces an _mission of secondary electrons which

are then accelerated and focused by the _.ens into an electron image which can b_
i

J

_bserved on a fluorescent screen. As shown in the sketch in Fig._, the pencil

_f ion trajectories passes through the l_le T_ pierced in the fluorescent

_creen E and converges at a point BI of _he cathode K. This c,'_thode,which is

_egative_r polarized with respect to the anode _, repels the secondary elec-

trons. A Wehnelt electrode W, placed oetween K and A, and brought to a potenti-
I

_I close to that of the cathode, curves _he eq_Ipotentials of the electric fiel¢
I

_us creating a radial field of revolut_n which focuses the electrons emitted

i 19 I . i
1
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BI in a point B_ of the fluorescent screen.

The image converter reproduces the "_on image, outllued on the cathode, as1

enlarged electron image on the fluorescel,__creen; thus, Lhis converter can

Serve as a '_roject:[on len_", except tl_at then, in the final enlarga__ent, the

;ontractionof the ion image mu_t be taken into consideration.

]' Contraction of the ion image. The ions, arriving in the converter, are
!?

_ _ttracted by the cathode, and the _rranganent of the equipotential lines pro-

i_ luces a certain convergent effect. This heartsthat_ on the one hand, to ootain
_d

k_ E

,! K W An

20

_2

:,(, F_g.i

',') _ focuseO ion image on the cathode it is necessary to form the initia/ image in

HI ' t

_i _ack of this cathode and, on the other hmnd, tha_ the ion image is contracted.

L_ ?bus, the image AB is reduced to A_BI by a factor k which depends on *_e r_%tio

_, _f the energy of the ions on arrival at _he cathode to their energy before en-

,_7 berlng the converter.

"_ The values obtained ex_erimentally ibyJouffrey give an order of magnitude

"H) i

';_ for this phenom_on: A ratio q of the qrder of 2 w_-lllead to a contraction

% ]

2o II

I
I
I
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of 1.8 w'oilea ratio q of the order of 4.5 -willproduce a contraction greater

than _.5.

_.e electron image, obser%,_don the fluorescent screen, is not equal_•

distinct over the entire field. This is due to the field curvature of the con-

verter, _-"-_w_.... intro_ces % different collimation for the center and for the /9

edges of the image, i_is can be eliminated by replacing the plane cathode by a

: concave cathode having a spherical form. The radius of curvature is adjusted

such that the image will be distinct over the entirc observed field, for one an(

the same focusing.

In addition, the electron image is affected by so-called pincushion dis-

tortion which can be readily eliminated since it has a direction oppcsite to

_ _hat i_parted by the contraction in the converter to the ion image, so that - al

:° a suitable _ltage ratio - the three following distortions are exactly compen-

satc_: pincuskion disto1_ion of the emission lens; barrel distortion of the ion

image on traversing the converter; and pincushion distortion of the electron

image.

Let ds also note that the cathode must be so highly polished that its

_ structure does n_t interfere with the electron image. In addition, the enlarge-.

_" me_itof the ion images, which are to be observed on the sc:_en, must be so ad-

_' _:_ustedthat the resolving power of the converter does not place a limit on the

! sha_ness of the ion image.

4 : The use of such a converter, because of the considerable l_nosity gain

_t permits, makes an observation of ion images of extremely low intensity p _s-
,'_ !

:- 4ible. Thus, we can obtain a direct reproduction of the image Io given by the
I

_'_ _nmersion objective. This is the main goal of a series of preliminary experi-
%() I

[_ _ents which also will oontribute to the Justification of the microanalysis
")'

21
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process we intend to develop.

3. P__reL_JninarzExperiments

a. Mass Spectrcgraph An__

As a first step, i_ is necessa_o-to identify the exact nature of the Jons

extracted from the target. Primarily, we used an immersion lens diffe ing from

De

_ , _]m shielding

[

)
! An[

_ l _W

,,,) F_g.5
"I 1
sl 1
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that described above. The _mnersion objective shown in Fig.3 is a simple model.

Thi_ objective comprises a plar.etarget M and a We.hueltc:.ectrodek'_,brought

to the same positive potential (several k/±_volts), and a grounded electrode KI

the We_melt _:.rI is pro,__ded,._-tha channel wT:_challows passage of the prima_j

beam. The accelerating and focusing functions are no longer clearly separated

• as had been the case in the above-described lens. The Webmelt, inserted betweeD

the object and the cathode KI, curves the equipotential lines which permits a

" focus_g of the ions emitted by _he target. Ln addition, due to an electric

screening effect, the presence of the Wehnelt .weakensthe extracting field at
T-

'' the surface of the object. To avoid such weakening of the electric field, we

w4_lluse the stl_ng-field lens described on p.7 in our final design. Let us

_ also note that a diaphragm D, placed at the crossover, will limit the "lateral

" energy" of the ions to a few electron-volts.

_" T%le_mmnersionobjective is placed at the entrance of a mass spectrograph;

_ the diaphragm D, which limits the crossover, se;ve_ _s entrance slit. This mad_

_ it possible to separate the characteristic secondary ions from the primary ions
_2

" diffused by the target at a low _nitial energy and to record, for example, the

° _ectrum shown in Fig.6 which corresponds to the emission of A1+ ions by an

_ _luminum specimen L_mbarded with argon ions. :!

_ These experiments have shown that characteristic secondary ions ,dst at a!
J' (

i _elativcly large proportion in the sput[oring products. In _ddition, during /_0

_ _hese experiments, we investigated various elements such as c_pper, nickel,
|

'_ alumlnum, magnesia, and beryllium; on all these substances we were able to ob-
i

c," !

_erve the emission of characteristic ions. This, together with the data con-
]

_ _ained in the 1_iteratureconcerning the emission of tantalum, molybdenum,
l

•L _ilver, germanium, and silicon, indicates that the emission of secondary ions

23
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is not a phenomenon limited to a few elements and seems to promise that the

method can be generalized. In addition, the emission of light metals is par-

ticularly intense, whi:h is of advantage since it is exactly for light elements

27

i
E, 40 i

t5. , i!

._. rig.o .

,; that the use of an electron microprobe is so precarious.

b. Reoroduetion of an Ion Image

.- In a second series of experiments, we had the purpose of directly repro-

_- ducing the image Io of the object surface, given by the e_ission lens. Towar_
)h

.> _his end, we devised the experimental setup shown sche_tical_v in Fig.5. An

: _lectrostatic deflector De, composed of two coaxial cylinders, deflects by 12_ )

J

,_ _he argon ion beam _.tted by the gun C and directs it toward the object M.J

,_ _hese primary ions arrive at the target with an energy of the order of _ Key.
i(

_he ion image I_ is observed by means of an image converter whose optical axis

_" #oincides with that of the emission lens. The final electron image is received

,_ in the fluorescent screen E, which is p_erced at its center by a hole to permit

i
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passage of t:lesecondary ion beam which transports the image io. immediately

below tb_.emission le_s, there is a penQanent magnet which permits application

of a _',gneticfield peroendicular to the axis of the secondary ion beam. T_&s

magnet slides in a plane parallel to that of the fluorescent screen; this motion

can be controllea, d,'r_ngoperation, from outside the vacuum enclosure. The

magnetic field deflects the ion trajectories in accordance with an angle propor_

' tional to the square root of the specific charge of the particles that pass

* through the air gap. Between the magnet and the fluorescent screen, there are

two soft-iron disks having a hole at their center for passage of the ion beam

and ensuring magnetic shie]ding of the fluorescent screen, in such a manner

- that the electron image will be insensitive to the position of the magnet.

:5 i

'- ! t

-*. [ _

Fig.7

_ Since the Wehnelt and the target are electrically coupled, the adjustment

%_ _f the image Io on the cathode of the converter is done by increasing or de-i

i
I

'* creasing the distance between object and Wehnelt. By varying the polarity of

_he Wehnelt W of the converter, the electron image on the fluorescent screen

L

--!
I

' ,canbe focused. These various aligrments are done while the magnet is detzchcd

% _o as to prevent its influence on the secondary ion beam. The introduction of

_ _he magnet nroduces a fantail spreading Of the trajectories; each "rib" of this

I_) j

_ _an is traversed by ions of different type, and the image Io is resolved into
,I !

_2 _s many images as there are ions of different type in the initial beam.
!
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To permit convenient observation of the image displacement, we studied an

object formed by the juxtaposition of a half-disk of copper with a quarter-disk

of beryllium and another quarter-disk of aluminum, arranged as shown in Fig.7a.

The orientation cf the object in its plane is such that, as soon as the magnet

is inserted into the ion path, the de_riationof the trajectories will cause a

motion of the images _n direction of the arrow (Fig.Va). The image displacemen_

is in.terselyproportional to the square root of the mass of the ions that par-

ticipate in formation of the image; the lightest elements are thus more s_rongl_

deflected, which results in the aspect sketched in Fig.Tb. In addition, while

evaluating the displacements of these images, we were able to verify that actu-

ally an emission of Cu+, AI+, and Be+ ions was taking place. Also other types

, of objects were investigated: _ur example, we deposited _ few fine crystals of

"" rock salt on a tantalum plate and observed .smallluminous and _gh]7 brilliant

'- islets or regions, corresponding to the emission intensity of Na+ ions. i

, Th_s second series of experiments furnished data which later proved _!

highly useful. On the one hand, from the quality of the images it can be de-

duced that the ions originate in the specimen surface itself rather than during

a later ionization of the particles removed in their neutral state. On the

_ Other .hand,the o_served images have a lt_inosity sufficient for convenient ob-

<_ servation, at a magnification of the order of lO0. Despite the fact that we

' _sed simple experimental means, these experiments show that it is possible to
q

ii _btain images representing the distribution of an elmnent present on the surfac_

6f a given specimen. However, in these same experiments we always ended up wlt_

a certain overlap of the various images; it is obvious that this device is no

ionger suitable if complete separation of the images is desired. The technique

i ased in mass spectrography suggests the utilization of the angular focusing
;l

_"T
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_roperties of sectorial magnetic fields for forming, from the crossover of the

emission lens, a real crossover image where only ions of the same type will

converge. A slit, placed at this level, makes it possible to isolate the se-

lected component in the initial ben, for a given value of the magnetic field.

'_ However, in microanalysis a simple selection of ions in accordance with

their mass is not sufficient since such an mnalysis must ai_o give the local

:_ distribution of an element at the surface of a given object. Therefore. it wil
• i

.%

2'

22 _.
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.7)

_2

_'% C1

e
4-

_-'_I1 Fig.8

_'_ le necessary to investigate the optical properties,of sectorial fields in more
_' _etail so as to know what becomes of the initial image Io during separation of

_ _he elements.
_)
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&. Optical Properties of the Magnetic Prism

In his thesis (Bibl.2_) Cotte gave a general theory on orthogonal systems,

i.e., on systems in which the mean trajectory of the particles r_nains in a

plane which is the _ymmetry plane for the electric potential and for the mag-

netic induction. More recently, Hennequi_l(Bibl.25) made an experimental stud_

of the optical properties of sectorial fields, i.e., of systems iormed by a uni_

form nlagneticfield parallel to the median of the dihedron which limits the

region of space over which it extends. Such a field is practically realized in

the air gap of constant width of an electromagnet. The pole pieces have plane

faces perpendicular to the plane of symmetry of the air gap (which, in turn, is

also a symmetry plane for the magnetic field) and delimit an angular sector in

which the field is localized (see ;ig.8).

a. Properties of the First Order

" The composition of the ion beam passir_ through the crossover object C is

• heterogeneoas= Under the action of the uniform magnetic induction, the ions

• vv._ follow circular trajectories _t_oseradius is equal to 14._._ 7, " II where M

is the atomic mass of the ionized _lement, n i_ the number of elementary charges

_ tarried by one ion, V is the acceleratin_ potential in volts, e_idB is the mag-

netic induction in gauss. In a device where only the ions that traverse a

'/] ,_ircleof given radius are collected and where the potential V is fixed, ions o_
i

_ given type are selected by regulating the magnitude of the magnetic induction,

,_ _hus, an optical study of the magnetic prism can be made, without interfering

_ th the generality of the reasoning, by assuming that the beam which passes
f

_(_ _hrough C is composed of ions having identical mass, charge, and velocity. The
h_

i
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c_.se in which the last condition is not satisfied will be specifically investi-

gated below. Consider a homogeneous beam, monokinetic and emerging from C,

which obliquely strikes one of the pole faces, travels within the eJ.rgap along

a circle of radius R, and emerges obliquely through the other face. The memu

, Iu. p" 04'
I""..... 11--- _ _1 ]

, . III
t II

ii
! I!

i _ ,!!
Ill

, t , ill

c ',Q
"(1 | I

?

k_

,',

_5

,(' Fig.9
i

_') _ra.]ectoryof this beam remains in the plane of s_.-_-.t_7or in the radial plane,

_, a) Position of the focal lines, sti_cnatism. The trajectories em_rg__ne
{

1
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from C, whose " " _znlt_a_ velocity is co_tained in the radial plane or in the /_

first principal section, remain in this plane and, after rotation in the magnet

converge (at approximately the second order with respect to the aperture angle

of the beam el_rging from C) in a point C of the mean trajectory.

The trajectories emerging from C whose initial velocity is contained in a

plane perpendicular to the plane of s._etry, are lowered toward the radial

plane at the entrance and exit of the air gap_ because of their obliq_e incidence

and emergence. They remain within a cylindrical surface, known as the second
i

principal section, whose generatrices, perpendicular to the radial plane, have

their footpoint on the mean trajectory; after rotation within the magnet, these

' trajectories converge at approximately the second order in a point C_ of this

same tcajectory.

A st1_dyof the total of all ion trajectories emitted from C aud contained

within a cone of revolution with a vertex half-angle _, clearly shows that, at

' approximately the second order in _, the trajectories after rotation within the

magnet rest on two focal lines, one of which is radial and parallel to the mag-

netic field passing through CI while the other is axial and perpendicttlarto th_

' field passing through C2. The magnetic prism which constitutes the magnet thus

_ represents an astigmatic system. However, by modifying the angles c' and ¢',

" _Fig.8) at which the mean ray strikes and leaves the magnetic field, it is pos-

_: _ible to make the two focal lines coincide in a point C and thus, at approxi-

ii nately the second order, obtain stigmatlsm of the prism, a stlgmatism which the

_' _ongaussian optics limits to the single pair of points C and C'• This has pri-

_' narily the result that the ion trajectories which initially had convergad in a

'_* _oint of the image Io (which now plays the role of the virtual object for the
I

_J _rlsm), after rotation in the magnet, a_e based on two small virtual focal line_,
f
I
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i i

' One being radial in _ and the other axial in _ (see Fig.9). i
P

; Before going further, let us define s_veral notations. The mean trajector_

(F) intersects the entrance face of the prism in O, the exit face in O' , and

rotates within the magnet along a circalar arc _0' measuring _ radians.

'_' _e ion trajectories are reduced to a system of curvilinear axes (x, y, z)

Where z denotes the curv'ilinear abscissa of a moving point M on (F), with the

_irection of increasing z being that of the motion, while (x, y) are coordinate_

_ follow'ing the principal ner_. and the binormal to the curve (F) in M.

_- i Let us assume an object point S whose position on the axis CO is defined
L_ r

ii _y C = 0-_ (_ > 0 if S is virtual and _ < 0 if S is real); at about the second

:_ Order, this object point corresponds to an image point Sz in the first princip ,

z_ _ection and to an image point S_ in the second principal section. Here, Sz I

:_ _nd S_ are located on the axis O'C' and are defined by _ = _ and (_ =_ !

_- (the quantities _' are positive for real images and negative in the opposite 1I

_' base). At the indicated order of approximation, Cotte's theory permits calcu- 1

_ _ating the position of these points by the formulas:

_"c' - P, = cos ((i,- ¢') 4n (q, + _' - ¢") _ (151
COS gtP COS _J' --_Pl),_ g# R

_f, <_ -- O+ (I + t9 tg t') 1_

_! - (I--(l)tg¢")+ ttg¢'-- tg¢"-- _tg¢'tg¢") _ ,

,_"_2I ', (161,'"c__here _ is the angle about which the trajectories rotate in the magnet, having

_: _ere a value of _ radians. To retain, at the exit from the magnet, the sym- 1

_'J _etry of revolution _ the beam and thus: to avoid distortion aberrations, we I

%(_ I I i

_ _sed a sys,netric device where the angle _of incidence -_' is equal to the exit 1

_ 31 I tI 1
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angle e" (-e' = ¢" = e). Equations (15) and (16) then become

r, --t+tg¢_

-, tg¢-- (i- tg'¢)lt (17)

,, and

" " 4J _."
_, • t_--i-t_ R (18)

1
I Thus, symmetric focusing is obtained for an mlgle e such that tan ¢ = --;
_L 2

_" the positions of C and C' wi]2L then be
i-

2;

-', b) Theoretical magnet, real magnet. Eq_ations (15) and (16) were derived
,2

• by Cotte under the hypothesis stipulating that the magnetic field undergoes an

'_ _brupt discontinuity perpendicular to the pole pieces. /_p_re's theorem demon-
i

strates that this discontinuity is accompanied by the appearance of a magnetic
i

' Yield Ht perpendicular to the pole face and parallel to the radial plane. _ais

• i _ie_d exists only at the entrance and exit c_"the prism where, because of the
,2

lique incidence and emergence of the beam, it produces focusing of the tra-
I

" dectories in the second principal section. The field Ht is connected to the

?II.,A=)
lerivative of the field Mr(z) on the axis b2 the relation ||t=- y-_- •

v, In the iwpothesis of a discontinuity of Mr, the quantity _ (z). becomes

_' _nfinite which is physically completely illogical but is quite convenient for

'_ _he calculation since _ does not enter except by integrals ex_ended over thei J ' Z

" _hic_ess of the '_oassagelayer" which is assumed to be infinitely thin, sepa-

_ eating the region of the zero field from the r_gion of the air gap whe_ the

" _niform field _ pra_ils. This case is analogous to the c,.seencountered in
30 , ,

_ :alculatingthe teaJectories by Oanz's _ethod. In fact, the magnetic field

I 32 I 1J

1965020126-034



"leaks" to outside the air gap aud, depending on the data given by Septier

_Bibl.18b) for exam#le, retains a considerable magnitude over a distance of

several lengths of the air gap beyond the magnet. In the case of a real magnet,

this causes the trajectories to rotate before their entry into the air gap and

after their exit; this will modify the focusing in the first principal section.

In addition, since the passage layer presents a certain "thickness", it be-

comes necessary to define the exact value of _ as a function of z if the_z

focusing in th_ second principal section is to be c_-lculated. Consequently,

CotteTs formulas are rigorously valid or_lyin the limitir_ case of an infinitely

narrJw air gap.

With a real magnet, we also obtain a focusing of the beam, smerging from C,

in.the t_ principal sections; however, as expe._mentally established by Henne-

quirt(Bibl.25), this focusing takes place for val_le_of _ toldof _ which are no

longer those indicated by _hz ilrectly applied theory. However, bv arranging

the p_t_ern of the focal-line position for various angles, Hennequin _as able to

demonstrate that the overall results could be simply interpreted by appl_,ing

Cotters theory to an "equivalent" magnet rather than to the real magnet.

The characteristics of such an equivalent magnet can be directly determined

by experiment. It is necessary to define the values of the angle ¢ and the

position of C, which will yield the conditions of s_etric focusing. In this

case, C must be located at a distance 2R from the entrance £ace of the equiva-

lent magnet. The axes CO and O'C' are orthogonal and intersect in H (see Fig.9)

so that the radius of curvatur_ of the equivalent magnet will be such that CH =

= 3R. By design, OH is _mown and by experiment CO is measured, so that it is

relatively easy to calc_ulatethe equivalent radius of curvature. In addition,

if Cotte'c theory is applicable to the equivalent magnet, we must necessarily
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l

have tan _ = _o

2

It is also east to see that the tangent of the angle of incidence to the

real magnet will be greater than 1. In fact, eqs.(17) and (18) show that C_
2

is s_uincreasing function of tan ¢ while g_ is a decreasing function. Since the

leakage fields cause the beam to rotate before it enters the region cf strong

gradient 8_ where the axial focusing takes place, the beam will arrive in
_z

this region at an angle of incidence ¢ lower than predicted, thus causing C'_2to

r V rl
increase; _z also increases but much less than _ and foz"different reasons (so

as to retain a deflection at 9_, the radius of me&u curvature of the trajec-

tories is greater than in the case of a magnet withoat leakage field, w_ch ___

causes an increase in the geometric parameters that depend on the radius of

curvature).

On increasing _, the radial convergence will increase while the axial con-

vergence will decrease; thus, it is possible to find a value of ¢, hi_her than

that predicted by the 5heory, for which stigmati_n will be realized.

The use of an equivalent magnet permits to extend the sim_le calculations

of the Cotte theo_ to the practical domain. In addition, the aberration calcu-

lations developed in the _G_othesis of the equivalent magnet do not require an

exact knowledge of the leakage field m__dlead to aberration coefficients whose

•_lues are comparable to the results obtained _ Hennequin (see Appendix I).

Therefore, it will be possible to base our further developments on the hypothesis

of the equivalent magnet.

b. Chromatism of the Pri_m. Chromatic Focal Line

i

Let. at the point C, be located the crossover of the i_nersion objective

limited by a diaphragm D of diameter d. Let any ion trajectory pierce the plan_

H__ _ --
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of the diaphragm at a point (xo, Yn). The _mage Io is located at a distance L

from C. The trajectories which will converge at the point Q cf the image Io

form a conical pencil which has its nadir on the diap.hragmD. The projections

of the axis of this pencil onSo the planes (x, z) s_id(y, z) form, respectively,

the angles _ and ? with the z axis. The diameter d of the diaphra_ is viewed

d (see Fig.9).
from any point of the image under an angle of 27 = -_-

The prism gives a real image C' of the crossover C at a magnification of -i

whose geometric dimensions are enlarged by second-order aberrations in _ and 8.

Consequently. the selection slit, placed at _h_s level, must have a width equal

:_othe real dimension of the crossover d if urdform illumination of the entire _
l

image field is desired.

In addition, the prism gives an astigmatic image of the point Q since, at

the exit from the magnet, the pencil of rays which was to converge in Q thins

out into two focal lines, one radial line Q' and another axial line Q" (see

Fig.9). Once the astigmatism is corrected, the quality of the image after rota-

tion in the prism will be limited orLlyby aberrations of the second order in _,

8, xo, and Yo, provided that the particles entering the prism had been mono-

kinetic. Moreover, it is known that the secondary ions present a certain ve-

locity heterogeneity to the emission, which already limits the resolving power

of the immersion objective. Until now, we have m2de use of the dispersive

properties of the prism only for separating the ions in accordance with their

mass. It is obvious that these properties are useful also for dispersing the

&ons in accordance with their velocity. _le selection slit permits pa sage of

i _ons whose ener&v extends over an interval of a width of e_V which, because of

the disp.ersion introduced by the prism, wi]/ result in a chromatic defect on

the image, independent of the previousSJ defined geometric parameters. Before
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discussing the geometric aberrations it is therefor? _.bsolutelynecessa_ _ to

check whether the "chromatiam" of the prism might noc be cancelable.

a) Dispersion of the prism. Chromatic focal J_ne. Consider, for example,

ions wbich_ before entering the prism, travel along the axis CO at an energy

oscillating between eV and e(V + _V). Wi. "n the prism, these ions follow

circ1_lartrajectories of a radius R and R + &R. At the exit from the prism,

p'I

F!
.:_

.lil

:I, .

, 1

U_c'/

Fig.lO

" the trajectories spread in a fantail in the radial pl_ue, with their base on a
" i

_* icaustictangent to the axis O'C' in F; apparently, these originate, at approxi-

" ! ^V

_ately the second order in --_-, from the point F (Fig.lO).

_ i As soon as the velocity of the ions varies, the rays resulting from the
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dispersion of the ray CO will rotate about F similarly to the rays of a beam

rotating abo_xta geometric focal line as soon as the angle of the beam is

widened. By analogy, one could speak here of a "chromatic focal line" in F.

Calculations and experiments [(Bibl.25), Appendix 1] show t_t the fantail of

the trajectories spreads by an angle at the vertex of 3 . AR since the /152 R '

position of the vertex F is such that _ - 2 R.
3

The chromatic dispersion of the prism in the plane perpendicular in C' to

the axis d _ can then be calculated quite simply: The fantail of the trajec-

tories, in this plane, intercepts a segment of a straight line whose length

AR
is -_--AR . C'F. Since _ C' = 2R, we have _ = _ -_--. In addition, because2 R

of AR _.. AV AV
= -_, let _ = 2RR 2

b) Chromatic defect on the image. To permit a simple evaluation of the

defects introduced on the image by the chromatism of the prism, let us limit the

calculation to trajectories contained in the radial plane. Consider, for ex-

ample, the poix_tP of the image Io located on the axis CO, where the beam of

half-aperture y converges. At approximately the second order in y, the point P

has as image the point _ of _ located on the axis (_^'• The size of the

"chromatic blur" surrounding _ is 2 . AR F_ i.e. 3 F_ _V (see

:Fig.iO). The image of P, given by the prism, is subject to a first-order aber-

_, AV

_rationin -V--' which thus _t be eliminated. For this, it is sufficient to
{
icancelF_ , i.e., to place P in such a position that its conjugate _ , given by
i
_he prism, will be located in F.

This will result in an "achromatic point" about whic_ the _ys rotate, due

_ither to the angular aperture of the beam or to the heterogeneity of velocity

_ _f the secondary ions.

_ If we now consider the trajectories contained in the second principal sec-
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tion, tlleabove statements will apply also to their projections onto the radial

plane. In addition, since the convergent effect of the prism acts only when

traversing thin passage layers, the dispersion ente_ only at the second,order

AV

over the intermediary of the terms _n V --_--. The trajectories contained, on

leaving, within this second principal section thus rotate about the chromatic

focal line, perpendicular in F to the radial plane.

Let us fir_lly consider the total beam which converges in P. Equation (17)

will yield the position that must be occupied bj the point P to have the radial

focal line coincide with the chromatic focal line. it will be found that,

for _ - 2 K, we have _ = + 2 R from which the position of the axial focal
3 3

line _ = -2.3R can be calc_lated by means of eq.(18). Since the radial focal

line has been achromatic, the fantail of dispersed trajectorl-.swill only elon-

gate the axial focal line in the same direction as the apeFture of the beam so

that, once the astigmatism is corrected, the dispersion of the prism will enter

(i,,,.)only over the intermediarj of terms in and y _

It is now a question whether our above findings on the center P of the

image Io are also valid for any point Q of this image. This question can be

answered only within the framework of a general study of second-order aberra-

• tinns.

c. Second-Order Aberrations Introduced by the Prism

' i A study of second-order aberrations will permit a more exact solution thaz

_hat obtained from eqs.(17) and (18) for the problem of the influence of the!
J

!prismon any trajectory defined by the fiwe parameters _, _, _o, Yo,
a]Id AV.

t

_o simplify the calculation, without interfering with the generality of the

,"_ esults, we will avoid a simultaneous v_riation of all parameters. Depending
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on the group of parameters conqidered, _arious types of aberration can be dif-

ferentiated.

a) Distortion. Let us assume that the image Io is a square, with the

center P and with sides parallel to the coordinate axes x and y. Let us imagine

that the pencils that contribute to the formation of this image are reduced to

a single ray passing thrc,_ghC (xo = Yo = O) and that, in addition, AV : O.

The deformation of the pyramidal L_am, emerging from C and based on the square

RSTU, _ described by the terms in _, _, and u8. This deformation leads to a

distortion of the _mage given by the prism but by no means limits the resolvingI

power on the image iQ

The calculations, derived in Appendix I, defln_ the structure of the beam
I

I

,in the planes perpendicular to _ C' at the poin_'_,_ and _ : i

i

., .r(O') = ",R_- H='- _:_' (19)
y(O') = 2R_, - _,R_

x(C') = -- 4Ra_ -- gR_:

y(c') =- _6n_,_. (20)

,
From this, we derive the slopes p and q of the trajectories projected,

-, regpectively, onto the first and the second principal section:

>" p=--_-- (_'+2_') _d q=--_--(8--_)_. (11

..., Consequently, the coordinates of the intersection of any ray wi_th'theab-

1 5cissa plane Z on the axis O'C' are given by the expressions

," z = pZ + x(C') j,, y = qZ + y(C') (12

l
, _here Z is the abscissa measured from ff.

|

," 1 The geometry of the beam may be demonstrated by successive cut,_made at

, _ifferent points of the axis _ C'. ',
| t

39

1965020126-041



In C',tbe interaction of the beam yields the form of the crossover

sketched in Fig.lla. Th beam is limited by two secant parabolic arcs, sym- /16

metric with respect to the x axis and having their concavity turned toward the

center of rotation of the trajectories of the magnet (i.e., toward negative x).

If the incident pyramidal beam were not deformed, we would have. in O', a

sq,_areR'S'T'_ ; in fact, we obtain the contour R"S"T"U" symmetric with respect

to 4.x and composed of four parabolic arcs which intersect,in R", S", T", and

U". The arcs R"T'_"andS_ H have their concavity turned toward negative x while

the arcs Rq'S"andT_'U"have their concavity turned toward the point O' (Fig.lib).

8R

In _ , the quantity Z - 3 causes

8R 8R 8R (r. -- 2)_.•lp'_= S _ _'_:_/P'>=3-t3- 3.

The terms in c_ and ps vanish, resulting in the trapezoidal aspect sketched

in Fig.llc. Defining the rate of distortion by T - 2R"_r'---T'we have

which, for _ _- i0-a, yields a distortion rate of the order of 1%.

16R
At the abscissa point Z - , the terms u6 vanish so that

8 -N

IGR 4;m-- 8 8n-- IO
r=_---- _+ R_'_ R_2

16R

,., This will yield the pattern sketched in Fig.lld; obviously, changes in the

ii hirection of the concavity of the parabolic arcs r_"and S_" take place, t

,,, Finally, at the point P", we will have Z = -4+.3R from which it follows t_t

I_" :r(Pn) = 4,3Rext- 2,45(_' + 2[_')R
_'_ !/fl'") = 4,3Ro_+ 4,9R_.

_'() i

"_ The contour R"S"T"U" in Fig.lle is _ormed by four parabolic arcs which

I
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intersect in R", S", T", U" and are symmetric with respect to the x axis. The

concavity of the arcs R'_'and S_" is turned toward positive x.

Let us also note the development of the slope of the tangents t_)the arc

R_'S", for example, +he slope which, from negative in the plane O' , changes to

16R
positive in the plane P" and cancels in the abscissa plane Z - ..

8-_

This demonstrateq that the shape of the distortion depends on the plane

from which it is viewed, which means it is difficult to decide which definitelN

is the distortion that might affect the obs_.rvedimage. To answer this n-oo �Ä�_ We must return to the fact that the prism is an astigmatic system for any other

pair of points than C and _ •
J

_ Let us thus i_-_ginethat we have inserted at _ , an astigmatism corrector

which only acts on the trajectories projected onto t_e first principal section;

/ _hls compensator reduces the radial focal line _ to the axial focal line I_.
_!,l

• _Ifthe crossover _ had no aberration at all, the successive aspects described
L_. i

' _elow .._o_1_dbe integrally preserved since the trajectories passing through the
L

_enter of this corrector would not be deflected. Because of the aberrations,
:

the trajectories pass at defi:titepoints through x(C') = -_R_ - 8R_s . The

_ction of the corrector (which is a conVergent system) transforms a trajectory
i

_" _x, p] into a trajectory Ix, p - u] where u = kx, with k being a constant c_Br-

" icterizing the convergence of the correcting lens. To determine k, let us note

_ _hat

_ _I_ " _ 4.3R

i si:,cethe radial focal line is reduced to the axial focal line, i.e.,

r' 3 I

_L" SI{ "-/' --" 4,31:t '

-'! Iince I

, i
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7= -2

4.3 = ; - we have /,R =

The trajectory [x, p] will thus be transformed into a trajectory

which will yield, in the plane P",

- 4tt(_ + _2).

After reduction, the terms in _ and p_ vanish and we will finally have,

in the plane l_,

._;(p")= . lr
S

:fromwhich results the trapezoidal distortion sketched in Fig.llf; the rate of

idisbortion,being _.9 _, is about 1%.
_.3

b) Field astigmatism. Edge effect. The distortion influences the spacing

of the image points. The defects described below refer to the image points

themselves; each of these points is sur._oundedby an aberration spot which
i

_imits the resolving power. To study these def,,cts,it is therefore possible t9
i

disregard the distortion, keeping in mind, of co_-se, that the found defects af$

Tect each point of the distorted image.

Equations (15) and (16), which yield the conjugation relations between /47

_he object and image points,have been derived to about the second order, which
r

_eans that the first-order "aberrations" on the image are zero or else, sinco

he aperture of the beam is an infinitely s_ll flr_t-order quantity, that the

....position of the images is known only to the first order. Thus, eqs.(15) and

i(16)will det6rmine the position of the iimag_of • point such as F located on
"'! I

r 62 i



:theaxis CO, while the position of the image of the off-axis poi,ltQ is defined
i
J

only to approximately the first order. Th_s justifies the question as to

whether the prism is "aplanatic".

_Y
by R_

C t X X

: '_ R _1 T"

a b

i

_--! .... s' R' R" s' s".' L', RR!. Y Y

-J' i \
' u' * _ T"

", j _J s s T'

J c cl

:1, Y Y S_,

• R' s" R'

. Ri/1

..... p_' .____._x

;' d

_,,_ U' T _. u'--
T'

T"

e

:_, Fig.ll

,,, In the calculations given in the Appendix, we have terms in _ yo_, xe_,

_,_ and _i_ which contain the elements for answering this question.

_' ', Taking only aberrations of this type into consideration, we established
,I

_ l(Appendlx I) that the coordinates of the intersection of any traJec_ry wlth
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%he plane perpendicular to O'_ in C' are given by

x(C') = (= - 2)yo_- zo
yCC')= (= - _):1o:t- yo

and, in O',

z(O')= 2R. xo xo_ Yo_ '_
, 4 4 2 !

!/(0') 2[{_ 7_-- I "¢ o (_. )
= -- "4 Yo+ 4-._'o_-- + 2 .'l.,X. [

From this, we can derive the slopes of the trajectories at the exit from !
I

'= the prism: iI

• P= 2R - =--_--Sfi-r _:--z]_n +SR ]

, !/(C') :1((1') - _ - =Yo_ 5=!/0_ =zo_
,i .... 3]_ ....... _-_--g--a ' g-R--_ n !

I
1

Let us limit the discussion to _raJectories contained in the radial plane,i

. IThe aperture of a flat l_ncil of rays, which :_,itially was to converge in Q, is i
L, I

_limitedby the dimensions of the crossover; the a_s o£ this bundle of ray_

flosses the)ugh C and :_kes an angle _ with CO. After rotation within the _g-

net, this _ncil appears to originate from a virtua:Li_int Q'• The rectilinear[

:trajectories,at the e_t from the prism, and their virtual prolongation are I
t
p
i

'_exp_ss_:l by the follo,_d.ng equation: :
I

x= --=--SR+aR Z--,ro I

l _ _ince $ = O, the value of Z which renders this equation independent of xo, i.e.1

. iofthe aperture of the object pencil, gives the abscissa of the point Q' where

'_ ithe image pencil is focused. This yields
,h )

_:=-_-+¢ R=', to about the third order, for

_ I-4- .
,_1 3 31

,i

',.' At _ = O, the point _ coincides _!th _ located on the axis ffC' such

i

i
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8R

If _ is not zero, the point Q' no longer will be on a se_,r;ntof a straight

line perpendicular to O'C' in _ but beyond or before the segment, depel_dingon

the sign of _ (Fig.!2). The image of s virtual segment PQ is a _rtua3 segment

Q' inclined to the axis O'C' by an angle whose tangent is equ_! to 3 in abso-

lute value whereas it would be infinite if _ o' were perpendicular to the axis

d C'• This is simply due to the fact that the trajectories [_], for the case

that u is positive, follow, within the magnet, a path longer than that of the

trajectories [_ = O] and thus are subject to a stronger convergent effect. The

pencil ol,!ginatingfrom the virtual point Q' thus is less divergent than the

_ncil that appears to originate from _ , from which it follows that the point

Q' is farther back t_n _ . Analogous reasoning applies to a negative angle _,

in that the prism this time exerts a less strong c_nvergent action and that the

point Q' thus would be more in front than _ . The _ame results are obtained

from eq.(15) which gives the position of the conjugate points in the first

principal section; the angle of deviation _ is successively taken as equal to

-_- + 2_, -_- and V -2_. In conc]usion, it can be stated that, in the first

principal section, the prism is a "nonaplanatic" system.

Since the prism has a differing _nvergent ._ffect,depending on the angle

u, it is suggested to investigate the behavior of • flat pencil contained in

each of several cylindrical surfaces &naloL_ousto the second principa_ section

but differing Jm it by the "curve (X)" contained in the radiai plane which

for_ t" _is for their generatrices. Each "c_rve (X)" comprises a circular

arc of radius R al_ an angle at the center _ + 2_ to which refer, respective-

ly, at the entrance and at the exit of the man,net the projections onto the

radi=l plane of the axis (a, _) of the pencil and of th,_axis (-_, -_). Thus,
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each surface is characterized by the angle e. The aperture of a flat pencil

which initially converged toward a point _ of In has a value of 3Yo (since
8R

the pencil is flat, Xo is zero). At the exit from the prism, the rectilinear

_ra _u_o.ies and their virtual prolongation are expressed hv the equation

y:=( ,_ .5 ,__-: :1_is+5::'I?}z-::-z;'Jo_-,_ :I,.

The value of Z which renders y independent of Yo, i.e., of the aoerture of

a_nobject pencil, gives the position of the "_ointQ" where the image pencil

focuses. We then have

8R [ ( =: ) I.% to within the third order ,Y=5---_ t+ z+SL : "-:

'"[ ( -:}]for Z=-5-_-= im 2--5 =

If _ and 8 are zero, the position of the po_t P" is obtained. Since Z is

independent of _, the image of a small virtual segment of a straight line per-

pendicttlar to the radi._! plane, is also a sma_ virtual segment of a straighb

line perpendicular to the radial plane, no mattei'what the value of _ migh_ be.

Consequently, we can state that the prism is "aplanatic" in each of the defined

surfaces. However, when considering a small plane area, perpendicular to CO

in P whose every point is "illuminated" by a flat pencil (for which the con-
i

vergence in the first principal section exerts no influence), then the virtual
i

image given by the prism will be a plane area, perpendicular to the radial plane

and inclined to the axis O'_ . The normal to this area, together with the i

,axis O'_ , makes an an_ e whose tangen_ is 2 + w_ '_, which yields an angle i

of about 8_! This is due to the fact that the axial focusing is highly sensi-!

J

itive :_othe angle of incidence and to the angle of exit of the beam. A beam I

i
ienterxng and leaving the prism at an angle (¢ + _) is subject to a much stronge_

_6
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convergent Action than that affecting a beam whose angle is e and which, conse-

quently, moves the axial focal line far in back of the position P".

If, for comparing the resultant effects, we u_ac_ ourselves in the same

observation plane, it can be imagined t_batthe correction for astigmatism is

done by a correcting lens whose center coincides with _ and which, acting only I

on the trajectories projected onto the radial plane, reflects the image P_ to

P". The focal lines corresponding, for example, to a point Q bare no reason to _

coincide so that the astigmatism will be corrected on]y at the center of _he

image. Outside of this center, the beam will remain astigmatic. To give a

general idea on the pattern obtained in that case, let us consider an object

segment perpendicular to OC in P and contained in the radial plane. An ion /19

pencil converges toward each poin_ of this segment, and _he aperture of the

pencil is limited by the diameter d of the crossover. The prism gives an asti -

matic image _f each point of the segment. The locus of the points Q' where the

radial focal lines intersect the radial plane is a segment of a straight line DI

(Fig.12), _clined to the axis O'C' by an angle of about 71° (angle whose tan-

gent is equal to 3). The locus of the points Q", which is the locus _f the

4 axial focal lines, is a segment of a straight line D2 which, together with O'C',
"L' :

• makes an angle of the order of 8° (complement of the 82° angle). The astig-

_matism corrector, of the segment Dx, gives an image _ inclined to the axis andl

J!passingthrough P". However, _ is much less slanted than D_ and, consequentlyi

iwhen viewing a plane perpendicular to O'C' in P" i, one would _lways be closer to!

" !the radial focal line than to the axial focal line. The image coints,other i

_ ithan P" are surrounded by an aberratior figure elongated in the direction of th$

'_ ',radialfocal line, i.e., parallel to the magnetic fie3d, whose elongation is

igreater the more the observer is distant from P" (Fig.13). When considering

47
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the points outside the radial p.l_ne, the aspect to be defined is modified by

another type of defect descrfbed by the terms in Yo_ and _, which had not b_.en

I

l

t _D1

--- .r)--__2 ,o
f

D 2 , .,

f
r

Q',

' D1

, Q'I .o"'" r[a
Ip. _.-- ..... ,

il

' :r_tl

," el

,_ Fig.12

_, taken into consideration until .now, either by assuming _ = 0 or by making use

' _of flat pencils
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These terms represent the specific action of the so-called passage layers.

In fact, we demonstrated above that a ray such as xo = O, Yo = O, _ = O, B _ 0

does not remain in the second principal section and will yield an aberration

term equal to -8_52 at the level of C'. In the same manner, iC we consider the _,

total beam emerging from the crossover, terms in rob and Yo_ will be introduced.

On traversing the entrance layers and the exit layers, the beam is given an

impulse which lowers the trajectories toward the radial plane; however, this

momentum also _us the effect to make the beam leave the second principal sec-

tion. T_i_ is known as an edge effect aberration.

8R
Finally, we will have, in the plane Z -

3

_ 8R .-x xoQt
, 3 -_ 3

f y = _ + - 3--yo- _ + _,y._t-:-3x._
• <

8R
- and, in the plane Z -

, _.r ...... + iU__Xo = '30.5 --r: _--'. 5 --r,

81/
-_ On reducing everything to the plane Z= - ; - _ the co,Tecting lens will

•'- .transforma trajectory [p, x(C')] into[p - kx, x(C')], which will furnish tl.e

." f._llowingtrajectory:

'? =:[_ 5--_xo 8_--._'--'O&'o xo_t .., z *_- --g--_ + ...... 8---- fi_ +_-]z
" ii.e., + (_ - 2).V._-- z.
_b

,_' 8R _" _ _tx,
• ; .... ___ .__4,10_.-' 5 -_ 5 --- 5----_

'_ and

%: ,

_9

I
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It is then possible to define the shape of the aberration figure which /20

surrounds each point Q" of the image, defined by the coordinates

8R 8R
x---------_ *.d V_= ----_.

Since the diaphragm, limiting the crossovers is circular and has a dia-

meter d, we will have

d d
.to= 2cusV, y, = _s:,,,J.

where $ is a parameter which varies from 0 to 2n.

Let us relate the coordinates of any ray to a system (Q"X, Q"Y) whose axes

pass through Q" and are parallel to the axes (P"x, P"y). We then have

X= - 5/_]4,to - _-_ =x.
d

= - 2t5 - _i (_sin + 4 _ros

Y=-- 2-4- "" _-Yo ' - "--• 5_2 -,-
d

-. -- - 2(5 - =) _'_:"- 2_ + io)ot+i,,4,-- T.I+c:,s+.

The aberration figrare,surroundi-agQ", is limited by an ellipse whose

major axis, togeth_-rwith the Y axis, makes an angle w such that tan 2w =

, _ 2= 9 the distance of one l_int of the ellipse to its tenter Q" is
.-" ' _- 2,'_-',- I1 " or'

.,, p,= XI + y2
dl

,<, = ;_(5-+_-,{_,_'-- 2,<(=,- 2_-'-9"+,_.,i,,_bco_4,(- )
-_" i t eO"_i + -1- _.,(_:l .... 2_ + iO) sin' +].

d_ For _ = O, the ellipse becomes a circle _ith a radius of _8 d; the
," 2(5 --)
_c _berration terms are due exclusively to the edge effect. At S = O, the major
I" I

( <"),,,+'__xis of the ellipse is vertical and has a value of 2 + _---- d_, while the value

_ bf the minor axis is d_ ; this aberration is produced by +he single effect
_,, I 5 --I_

_: of field astigmatism. On traversing a square of the type R'.S'T'_ , the general

: 50 i
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shape will be that shown in Fig.13.

It should be mentioned that the above-described aberrations affect an en-

larged image of the object; to define the resolving power which these aberra-

tions are likely to limit, it is necessary to refer them to the object by taking

¥

_ ,-.-.-ore.

\

Fig.13

'" the enlargement of the image into consideration. On m_intaining _. B, and d

r ccnstant, the aberrations due to the prism remain invariant on increasing the

" enlargement of the image Io and consequently the aberrations referred to the

.... _bject will be weaker. Thus, in principle, their effects can be reduced as muc_

as de.*ired.
I

" Let us assume that, in a certain arrangement, we obtain a limit of resolu-i

'_ _tion5 on the f_itered image. This limit is composed of two terms 6s _nd 6L on_
I

_f wl'ich is due to the _gnet and the other to the e_d.ssion lens. Yet us check

_n the best way of reducing 6a by discarding the trivial solution which consist_

_'_ in limiting the obs,_d field to more and more central regions.

'_ The contrast diaparagm of the emission lens can be reduced by a factor k;
ill

_i 6__A__"
_"',,!here, 6_ and 6L, r_Jspectively,are chan_d_ int_ _ and kS , in addition, the
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intensity of the light allowed to strike the image is divided by ks. This

method is not advantageous since it improves the resolving power of the objec-

tive much more rapidly than that of the magnet which here is assumed to bc the

principal cause of limitation.

Howevec, it is also possible to enlarge the image Yo by a factor k, for

example, on r_ducing the geometric parameters of the emission lens by a factor

k. For a diaphragm with a diameter d/k, no decrease in the flux of secondary

ions striking the image will result from this. Nevertheless, since the elec-

tric field Fo is now k-times higher, the limit of resolution of the lens is

k-times weaker and is 6L/k. The reduction of the diaphragm and the increase in

enlargement of Io, at unchanged _ and _, result in a decrease in 6a which be-

;comes6./ks , while the ima_Eedfield is reduced by a factor k. Consequently, it

:isobviou_ that the limit of resolution, introduced by the magnet, can be re-

duced as much as desired. If the "image quality" is defined as the ratio of
4

the dimerLsionof the observed field to the value of the limit of resolution 6

'andif we proceed as described below, the quality of the filtered image will

_increaseand tend toward a value which it would have at zero 6_.

_ Fir_lly, let us give an order of magnitude. In the device designed by

ms, we have _ "-_lO"s, d = 0._ ram,and, at the level of I_, an enlargement of th,

i

' iimageof the order of _0. With reference to the object, the limit of resolutio:

: !introducedby the maAmet along the edges of a field of 0.3 mm diameter, is

_ _bout 0.8 _ while 6L is of the order of 10.7_.

'_ i c) Aperture aberrations. This type of defect are aberrations in _, yo_,

,, _nd xoyo. They are noticeable only at the center of the observed field, since

5c_ t is obvious that they can be neglecte with respect to the field aberrations

l _escribed above, i

I 52 i
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In addition, when referred to the object, these aberrations s.reneg]igible

with respect to the resolution limit given by the immersion objective. It

should be mentioned that, on reducing the diameter d of the contrast diaphragm :

by a factor k, the limit o_ resolution of the emissicn lens is divided by ks

% '°and, since xe and Yo become and --_-, the aberrations due to the prism wily

also be divided by ks . These aberrations will thus never be able to reduce the

resolving power obtained on the filtered image.

AY

?-

.(

- (

Let us recall the form of the aberration disk in the plane I_, after cor-

:ection of the astigmatism:
',5

_6

a'(P")= 27 + lo= ='_ _ ,' -- _=xoyo--_,i( ..... yo .,,d ,;(p")= 5-=-_8 q_-"

.;.)

_ It is clear that this disk has the form of an ellipse _hose major axis

,-' _oincides with P" and has a value of about _3dS (Fig.l_).

_ In the setup developed by us, this will lead to a limit of resolution on

_c_ ;he object 0£ the order of 0.O_ _, whereas the objective gives a limit of the

t_ geometric aberrations, we

'_ ,rderof n_crons.

'_l_ d) Chromatic a_errations. In the d_scription of_ _ave implicitly assumed that AV is zero.i However, AV differs from zero. Conse

1 53 1 !
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quently, chromatic aberration terms of the type

Av AV AV AV /AVV.V"m,_- _,, -V- z, =,d Xv Yo _,d Lv-)

are introduced. We wil_ neglect with respect to the other terms.

Taking only chromatic aberrations into consideration, the intersection of

any ray will be given, at the level of _ resp. O' by

AV i AV AV

. tyCC,l= -yo

and

.', i_(, ,,)= _ *o_. z I,,, +,A V i t, V __y.' 2 V n+8 V x°+ .no,

],/(O')= =- I ._ =_nAV__4__Uo+in_+8. Vyo.

From.this, we derive

x(C')- x(O') 3 xo 3 AV AV

. - , y(C') - y(o') 5 -- _yo _6AVyo
q= 2R .... 8- 1_--13-- r: V R "

..' In the radial plane a ray with the equation x = pZ + x(_ ) intersects the plane

' of the abscissa

:'_ 8ft.. 8R _ AV I AV
_ Z= -- -3- '" :_(P')= -3- '"+ ?5" V'' '-"_+ 8" -V-_°"

, At _ = 0 and re = O, the position of the chromatic focal line will be
,,)

._ Found readily. The term 1 AV _ vanishes in the plane z= 8R(,+=)3 V -3 8
<. _hich indicates that the "achromatic plane" is inclined to the axis O'C'• The

_ _rm 8 -V-- re can also be eliminated in the plane Z = - 3-_'+ ,6R/ Ors

.,_> )n introducing angle V ,a_. _ t
the = _ whic_ is the half-aperture of the pencil tha

):_ :onverges in any point of the image Io, _n the plane Z=--_R(, +_) . Thus, |

><) _.heplane _ passing thz_ugn F (Fig.12) ]perpendicularto the radial plane and

',: having a normal which makes an angle • _th the axis O'.C' such that tan._ =

I ! i
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l

is an achromatic plane.

Now, let uo consider the total beam and let us be stationed in the plane _

_mre the astigmatism is canceled by the action of a corre_.tinglens placed at

the level of C' . A simple calculation, analogous to those made above, indicate_

8

that, in the plane Z - 5 - n R, the coordinates of the intersect!on of any

_-mJeetory will be

8R l AV 3 AV

l

,: .v(p,,)= 8R _+ _ AV
,. 5-re 2(5-r_) "¢ V,.

'_ At _ = O, the aberration figure is limited by an ellipse with a vertical

m jot axis, whos_ minor and _Jor axes, respectively, have the value of

. _ 3 AV _ AV
' i 8(_ -- _' d. --..a----- d -_-__ .". ; V 2(5-- _) '

'- _t _ _ O, the aberration figure has the shape of an aigrette tern nated by an

/_' _lliptical arc (Fig.15).

J

2, 7 Om

_ Fi_.15

_ e) Ener_ filtering. The value of depends on the width h of the

_: telection slit, on the diameter d of the crossover object C, and on the geo-

I
'" ,etric aberrations that influence the crossover image C' . Since the slit is

5o

',_ _rallel to the y axis, only the geometric aberrations "-ertan influence, en-

1
I
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larg_ng the crossover in the direction of x. It is easy to verify that the

aberrations in c_ and _a are predominant at the level of C' . Thus, we have

.2.((1'__ -- _o-r'' 21_AV _ 411__ ._ 81t_t.

Let us denote by d, the n_ximum w_lue assumed by the geometric aborrations on

the x axis and let us assume that the ray correspondir.g to a zero initial energ_
f

passes through C'. The ions with an initial energy c_o, disregarding the Aber-

rations, form a crossover image whose center moves away towar_:l t_sitiv_ x pro-

" portional to _o but whose diameter increases as_-_ as soon as _o i_ 3ess than

_o= • The abscissa :q_ of the extremity of the crossover ima.ge, sti]_ assuming
t

:' the absence of aberration, located on the side of negative x is given by the

=: ,elation

9o
• ' zo = _R-_ -- 4A ....
2_
,(,

::_ gince _o varies, xt presents a minimum ec_al to -2 T for _qb = --_'v--%m= T

, ¢_om c[ for_ ° =_ "i"o., if _o, _ _o_.Letxa be the Abscissa:',__t _o_ _ _o0, or equal tour -_-_

" Of the extremity of the crossover :I _,ge on the side of negative x, taking the

Lberrations _nto consideration, so that we have4

z. = -- d. + _..

_,, If one does not wish to "lose" the particles on the side of low energies, it is

'_ necessary to place one of the rims of the slit into _ so that _e abscissa

_f the other rim will be

_h

_7 There _xSsts an initial energy e_o_ for which the corresponding crossover

_'_ is outside of the slit but in such a m_nner that on'_ extremity still touches

,_ _he rim located in x_: _. gives the w_e AV of the pass b_nd. Let 2o be the

I _ I _._TJ
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.......................... i ...................................... ]

• flia_er of this crossover,a diame+_erequal to d _ .%p. _ _oe and equal to !

-BA4_ -_ if qb_ < _oa• The centerof this crossoveris locatedon the abscis_

_--_ + da + p so that the following,relationis obt_:

-_. 2R-_ =x,+d, p.

o__ Let us ass_m_J,as will be al_a_s the case in the followingtext, that h

:_ _d_o, are such that %_ >_e,, i.e.,that 20 = d. Two cases are then in
i

1--.'._vestion:15" "
•i6..._ _ ?" >

I

-!_ ._tch result in
]9._]

-_o-.-I_ ,,v h v'g...-v'_ -

• v -_-- +_-
25 _._

-6._.t .................. , ....

28. ' I
2_ _khetarge_ at low i_ti_l velocitiesand if an ener_ band of a _idth AV is |
_O._J

3i-,-_solated _se centeris sufficientl__ar from the energye_ = O, we will h_.vei

_,_,._l _-

_Rv=h +d+d* ':" "' V + " 1

" t

_7___his goes back to the classical expression; _he ray corresponding to e_o of ze_

_9___ longer passes _hrough C' •
40 . _" I

_: --I The width _ven _o the slit is _ by the desire to obtain an _age of

g2 "--_0
._._- z'_ illuminationfor the case that the object p_sen_s no variationsin

o.
40 |

av _nage (Bibl.25). However,because of the _nitialenergydispersionand the

_9._initewidth of the sllt,there will necessaril__)eenergiesin existencefor

1
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_he _icles eliminated in thi_ mnne_ _A_t not be too numerous. Unforttwate-

ly, the calculation of the optimum widths for the slit requires knowledge of :

' %he dispersion _.awof the initial energies. If this is impossible, it could be!,

: j :-
assumed that the slit must at least permit passage of all ions with an energy ,

_ e_e,; since the ions of higher energy are already partially eliminated by the i ._• . !
!o # "_

_ _ntrast dia gin,their centribution to the formation of the image may be es _.i

:" _Dor%ant. However, If e_ea is far on this side of the mean emission energy, ! _

_.s _he ions ha_r'ingan energy hitcherthan e_ea may, despite the presence of the 'I _-

.diaphragm,represent a considerable fraction of the total number of ions that i

_';-tora the image. Thus, it would be highly desirable to have a controllable /23
-U--

2 Slit which would make it possible to _dJust the v_lue of h duriug operation.

_%--! Nevertheless, to give an order of magnitude, let us assume that thewidth. I

_ _f the slit is such t_t h ---d + da and that a circular diaphragm limits to u

_-_he half-aperture of the beam emerging from C. We then have

_ _here $ is a parameter that varies from 0 to 2_ cn tra_rsing the edge
o_ the

_I.__&perturediaphragm. The maximum of the _xpression _ + 8_ _ is obtained for

_and, consequently, d" =-8Ru_ F_r the values of A, V, u, R given above

3"; . L ' '
_s- wnd at d = O.5 ram,we have
30_ i

,0 I _em _ I _olt ,rod _., < _om"

.,-_----_'hus,we find -- "_-_ x i0-a

,_ T__ois now possible t_ e'_lu_te the_orde_ of magnitude of the chromatic _

._<__be_rationsat the level-of the image Z_!. At th_ -enter of the image _, the

_ _nor and the major _ws of the aberratibn ellipse assume, resistively, the

so ....mluss 0.3 _ and 1.3 _. In addition, the term in A__V_V_ introduces an &betra-
ys. _ V -

_2 ;ion of t_h_.ordar_ of. 1.8 _,.almnE the edgte of_ .the imaged .fte_d..._.._he_e abar_-- ..
1

I .... -.. ........
I
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:- } ..... :.

: _ions affectan imageat a mgnification of about _0 and-thus, with reference i
• J i

_.____othe object,will be lesm than 0.05 _.and therefore_egligiblewith respect if
. a

j_o the limit of r_olu_ion of 1 _ which is _osed by the immrsion lens used
t, J _ J- E

_ tha  av ra n of m. !
"___ In s_nmat._on, it can be stated that the prism, combined with an astigmatis_
:o 4 1
l, _omper_a+_r_. will convert the initial image Yo'into a filtered image at the j

:5 _evel of Ig. This _g._ will be affectedby a weak diatorti_n. In addition,

l:,.,_ince the magneticprismdoes not focu._exneptat abo_ the _e_,_ order, the

--_7 _lan_s per_ndicular to the mean traJecto_y will no longer be favored as is the l

:': _se for a _a_ss_n optics :of revolution. It follows from this that the geo- 'I

a_ F_tric loci of the radial,axial, ar_ chromtic focal lines are plane_ inclined
"2 ._._

•:_-__tothe opticalaxis of the systenbut still rmaining perpendicularto the I2___i

_o__a_ial plane;this results in a-type of field defect supplementedby other fie_
6 I

zT__aberratlonsintrodu_d by the passage3_yer_. Of all these defectsonly the i
!

+_'___[ieldastigmatis_has a noticeableinfluence; in addition,its effects can be I

_ rodeless noticeablethan those o_.the defects of the initialimage. 'I

_-- 5- Observation of the Filtered Image 1
___ _ i |

F
}_-- For a _iven excitation of the magnetic prism, only one type of secondar_

39__Ions, after rotation within the magnet, will pass through the selection slit

•'_..... _aced in _ a_d will for_ the image o£ the object surface. This image is
42 ....

_'_..... irt_l _Dd ast_emat_C._ _v_

4_.

'_--- a. Correction of Astigmatism

iH

4___0 The correction must be preferably ected in the vicinity of the crossove_

_ so that the central region of _,:e corseting lens can be used to its optimum

I
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- i

_ jr
F .... _ .........

: . i......!

J
3__ The stigmatiser 5_.an electrostatic hexapole of classical type but oper- 1

t_--_ting under rather unusual conditions f01 this type of iebs. In fact, we found
(;... ]

=---_%hat,at the level of ff, the dispersion of the trajectories in the radial j {
'_ _ J !

"_-_plaheyielded a term 2 RAV which means that the correcting lens must act, on I

_o__ V ,- [ "!_ ieitherside of its eenter, on particles of, differing ener_. However, the 1

' 1'5 ichromaticdefect which might I_su3t from this does not interfere. The ions

l_ [passingfrom the side of positive x are faster, which means that they are less 1

- i " " ,4 " "

I...._eflected by the stlgmatlzer, whereas those _.onsthat pass on the '_ideof nega- _

:'_ _ive x are slower a_d thus more deflected; in all, the trajectories envelop a I !20

21 _ •
,.caustxcwhose contact point with the axis of the beam is the point of ordinary

--'-_convergencefor a I_am of monokinetic particles, except that the convergence .l

= I
2-I.]=

_m-_" -_will_1 be of about the second order in _. Since, in the object space, the !.......................................... __ ...... .

27--!trajectorieshave their footpoint on a caustic because of the existence of a
!

:% ichromaticfocal ]ine, the influence of the lens modifies the shape of this
_0__|

-; Icaustic without affecting the ordinary positions of convergence or introducing

_5-_new aberrations, i

_---I We definitely can then observe a _ual image lo_ated at the level of _'
36--! !

-w---ii.e.,quite far in back of O' . To sigh_ this image, it will thus be necessary

_ -tto insert behind the crossover ff a device of the type of a telephoto lens_

iO -L

• I

_t __ ich would furnish a real ion image of ithis crossover.
._'_

.,_,6._.] b.."Telephoto" System
47

.l_ I The arrangement for observing the _on image necessarily terminates in the

501 image converter described above. The • ctron image, resulting from conversion

_'_f th. io__ge, "isreo._ on, _,o,_. ,_,_ of_ _t_,_o_ t_tI
I

J
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• _........b :--I '

.... _ - _ Z. -I - I t ........ --I

_Z, the i_ efficiency is _-eater the _er the _-,er_ of the _np_gi_ elec- I

3__jtrons. Therefore, it w_u2_ ca desirable_ _o give the cathode of the converter

_ highly negative pglarization so as to have the ele :trons reach the screen wit

7 energies of at lea_t several tens of kiloelec_ron-vuite, t

9__ In addition, since the radius of curvature of the trajectories within the .
JO....

II -_gnet_is proportional to the square root of the energy of secondary ions, thes!

i_-_latter will be accelerated in the emissio,,lens only at a potential difference
14._ I _ :

:s--lofseveral kilovolts, so as to mintaina practical order of magnitude i: view

'°:!•17 of the valu.s of the magnetic field and :thedimensions cf the experimental

_9. iequipaent.
20-- _!

,_ -- k'nenused under these conditions, the converter will strongly contract
J7

2-s-_theion image, thus reducing in the same proportion the final enlargement at
24---I

2_ _which the image of the object surface is observed. Any further enlargement L '_
:__.A.............................................................

-'Tqof .this image encounters two types of limitations_ one of _Lich is due to the

20 discontin_us _ture of the receiver (fluorescent Screen, photographic plate)

_0---13:._. while the other i_ due to the resolution limit of the converter introduced by
32 -I

_3--i_heenergy dispersion of the secondary electrons emitted by the cathode. In
!

_j--!o_ertoweve_tthecom_.erf_ _t_ theresol_g_r give_by_he
V-1 : ;
: -lpre_in_ o_cal ,_t,_, it is _o,,i_l I either to _.,_ee the ,,_hr_,_,nt of
39 1 • " i
_o--,the xon image projected onto the converter cathode o_ el:_ to reduce the con-

4_--|traction to lower values. The first solution is inapplicable since i_ _uld !
•_2.._j , l

4.i.--i_llm that an image _dth an extr_aely ._educedfield will be observed. T.hus,the

I6_._seco_ solution is the only one possibl ; in this solution, a postacceleration
'.'7.

4_..of the ions after traversing the magnet i wi31 be necessary.
49 .... - i

_0 a) Postaccelera_tion. Aeceleratio_ of the ions takes place between the

I

I

I
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! "-

k ..... ._ ........ j -,'.

: lof ............................them ass and to a negative-..... :potential........... t,._Vx...................................................and are composed of two circular ]

5 _]diAphragms with an axis _ _ sp_ced at + distance A from each other+. The spaceI
s +]afterthe electrode _ is limited by a .cylindricaltube with an axis 4 _ which!

_qiS_ brought %o the same potential as the electrode F_. After having crossed the

+++q

t_._

0__plane of t.hisoleo%rode, the ions will thus move in an equipotential space ++her,

to__[ - %
:; itheyare agitated by an energy eva = e(V + V,). Since the square root of the

I_ e rgy of the particles, in corpuscular optics, plays the role of the refract

1(_1_.__-t]i_ez in light optics, the to%a]!pos%acceleration arrangement fo_ms an immersio_ !
17 .ilsystem. This system does not limit its function to a simple acceleration of [

19 Itheions but also causes the ion trajectories to converge. The optical charac-20

I r

2_ Iteristi_s of posta_ce!eration can be readily calculated by the _nz method.

?,
I

::I " ;;I
20 I # "''--

+.., II_ ,,,

I r .......

'+ +-+-i i , -

:_+S__ I_6 _.,

_7 Fig_16

._9_ / ,

;u +I It is generally known that this me%hod consists in replacing the curve of

,____Itheelectric potential variation on the iaxis of the optical system by a poiy-

,i Igonal line where each side cor_esponda +o an interval over which the poter_isl

i_--_[isassumed to vary linearly along the _. Consequently, the derivatiw_ of thp

:_ Ipote,,t_:t.-isdiecor,.tin,.,o".,,as soonas "4 _ss +-'romo"-eint"+_"al_ "m"e°thor" ]
i9. j * , i

+o._IThe conservation of tl_eelectric Ln_uct$on flux them catmes the aptmm_nce of a

- I,",m:i_l co_nent _of _he +electricfield _k_ wo_uld..he_..i._ini.t+t.,+_ which :,.s..__i-I
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C........... z Lq
I

1.... _tally illogi_,_l but is _th_ticalay c_-m_nient for calcvaating the traJec-

___ries. The action o" this:radial co_nent consists in a _!sa_ion which pro-

5---dueesa cha_e in direction of the p_rt_,clevelocity at each passage from one

2_ interval to the other. Since, at the i_teriorof each-interval, the electric

9....field is uniform and parallel te the axis , the calculated tz_jectory in this

I0 ._ it_ _ pproximation is a broken line whose every segment is _-n___rme_by a parabolic arc

t
i_ -i In the postacceleration system of interest here, it is sufficient to use a
:Id•|
15--_t_le._ter_al, _ted by the planes Of two eleetr._dee _ and _ (assumed
16 .l" -

_:_--_e infinitely thin). The resultant approximation will be acceptable s_nce the
,8 __.A : "

"_--- rticles never are displaced at velocities sufficiently low for having the
20 --I - -t

2! _ccurate form of the electric field noticeably modify the slope of the calcu-
I

23--_lated trajectory. _ :, -

2-5_,1 The _a_luence of postacceleration dn the trajectories is completely de-
26 ._.] ................................................ -4.......................................

">.7_qsc,_.,be d by the optical characteristics df the system. Let _ and _ be the
28 _ ;1

!-intersection _ints of the planes of the electrodes Fa and F_ with the optical
29

3o_ ]a i_"-- xis (see Fig_16); let Fo and Fi be the fo_i of the object and of the image,
_, | !
_-qwhile Ho and N will be the intersections of t_e princi_l planes of the object

_,5__ the image with the axi_.. This will the following formulas :
36 ....

3') Ilia, = 4A V' ..... 4A V
,_o._] 5-v.---_;,.,a, = 5-F- -7-/_h n',--:i
:: .1 V- _/v)t_--')

16 .

't7

,_,s The conjugation co.elan!on bet_e_ an object point Po and an image poin t49 ....

5o_p_ will be )

52 ............. : ..... __ ...................................
!

I: ...... _s_7L7i .......C_

1965020126-065





i L
t

t

i The postacceleration device constitutes the first lens of our telephoto
I

_-Jlens system and furnisne_, of the virtu$1 image I_ filtered by the prism, a
4 _ _ I

5....!real image 11 located nea2 the image focus Fi. Conversely, the image of the
/

7 Icros_ve r ff is virtual and located in 0_.

_) ,! b) Projection lens. The image I_ _s too slight an enlargement to be di-
.._!-4 " .......lO

111zlrectly usable in the converter. It is necessary to add an amd.lla_j lens to

,3ithe postacceleration system, which will project the image I_ onto the converter14

tJ I real image C_ of the crossover C_. If

cathode. In addition, this lens gives a

tT__ii_he fluorescent screon for receiving the electron image i_ placed at the level

_9 iof _, the dimensions of the hole in the screen, ai'_owingpassage of the ion20 _

_I Ibeam , can be the same asthose of the crossover e:; thus, the use1"ulsurface of

2_--Ithescreen would not be reduced by the presence of this hule.

2J . The projection lens simply is a unipotentlal elect1_static lens whose
2(..................................................................

_'--characteristics can be derived from graphs (Bibl.21) or can be calcu2_ted, /2

29 for e_ample, from Regenstrelf_s fo_.ulas (Bib].28).

_' The combination of the projection lens with the postacceleration lens

J

33--Je_nstitutes the telephoto lens which fu_d.shes, of the virtual image Ig, an ion 1

_J lim_ge focused on the cathode of the converter, i
4(, . I

._ c. l_age Co..nverter .

The image eenve_er is o! the type :described alive. This converter con-

" I thei_ stitutes the final element of the entire _nit for permitting observation of
i

'_ ' " into
_(, ion image filtered by the magnet. This i_nverter transforms the io- image

4_ fan _lectron image which can be observed !on the fluorescent screen over the in-

,4u I I

_o teraediary of a plane m_rror, inclined by _ to the axis (Fig.23).

_I I The various devices described abov_ ar_ arranged within the optical unit
l

i
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I

- I

j .............................. "-I.........................................................
i in accordance with the above principal Sket,ch. '_hedesign of the experimental

5_ apparatus follows more or less the general lines sketched here.

5._.! i

4 I :
CHAPT_ II

7 _ _!2--- EXPERIMENTAL SETUP :_t

I_12 The first problem before even starting the desig,_of the apparatuo is the

l-,l_vacuum that must be maintained in the enclosures in wh_ch the particles are

15 !moving. At first sight, this problem seems identical to that ordinarily en-

I_ countered in m._,ssspectrograr_y. However, there are some differences which

19 i
should be mentioned here. ;_

2{} l _,

2_,-!I. Vacuum

2-t I ,
1

2"}_ In mass spectrography, ion sources are generally used in which the residu_

'_ ai _s of the ,racu,_ enclosure can be ionized, ffni._h results in parasite spikes
"F

,9 Phone intensity may be comparable to that of the lines of the elements to be

_2 analyzed. So as to reduce th_ intensity of these peaks, it is necessary to

'" produce extremely hlgP and clean vacuums, i.e., vacu_ns free of hydrocarbon

_-" vapors such as might be due to diffusl,}n-pumplubricants or to degassing of

_- lorganic m_ter. In _ur case, the secondary particles leave the target directly
in __'" the form of lon,_,meaning that their ionization does not require passage

_ Ithrough the vapor _se so that the influence of the residual gas "in the

/source" will be quite low. The residual gas molecules may be ionized by colli-

,6 sion either with pr3_maryions or with secondary,ions or electrons; they can

also be ionized by the phenomenon of c_ge exchange with the secondary ions.

,_ F_ch of .hese processes depends on the requency of interpsrtic!_ collisions;

_ however, in the accelerating space of tl_e i_:Lon lens, where such collisions
i
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!might occur, the distance between the target _._ the electrode A is only a few

:millimeters. Therefore, it is nece_-sarythat the mean free oath of the

•particles be large with respect to this distance, w_ch doe_ not necessitate ;

extreme4y nigh vacumma. In addition, it should be mentioned that the ions i

'_ formed by the reslduaJ gas wo_uldbe accelerated under potentials _taggered all _

!i _along the potential drop between the target add the electrode A, which means

"_ :that such ions would be;defoc_wed by the immersion lens and practical_v elimi-
!4

!
i_ ihatedbythe_-+._otdiaphragm.
i(,

_" However, this reasoning obvious3_Vdoe_ r_t take into consideration the

i,_ ifact that the residual Kas may react with the material of the tar&et to form
20

2_ is_trfacefilms of oxides or of adsurbed gas. During the sputtering procoss,

--_these layers are obliterated as they are formed, giving risu to secondary ions
24_ i

z_-iwhich depend on the compound formed. Therefore, it is necessary to reduce
24 ,. .....

-"--Itheir significance by working in as perfect a vacuum as possible.

_'_ : _n addition, as soon as the ion path lengthens, the diffusion of the ionsi

_" !on the residual gas will manifest i%self by the pre_ence of a continuous back-

_!-_grom_ and by a broadening of the _nr.ira" ctory pencils. This will result in

_-ja lessening of contrast and in the appearance of a haze or blur on the image. !

_"--Iln addition, if the pressure within the vacuum enclosure rises excessively

_i__i(___0-"=__),th°oha=_e-o_c_e_=ces_bet_n=_e=_esofth_res_=_
I

,_'_Igas_and secorJary ions becomes quite specific and causes the appearance of

_il_ras_tso__.'._s, asohse_edby_o_ (_b_._)._e_ontraOeo-
(

b
!

-Itoriea may change into neutral atom trajectories without change in direction:

_': !Thus, the ions and neutral atoms will transport the same -ia_gehut, upon reach_

_._ingthe converter (for e_ample), the ions may v_dergo a contraction whereas the!

i_ Ineutral atoms will not be subject to such a contraction, tP_s resulting in t_o i
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superposed images on the.fluorescent screen.

On the other hand, it _ould be desirable to have the greatest part of the

ion path contained within a clean vacuum free of orgarlc vapors, so as to avoid

or at least retard the contamination of the conver_.ercathode, w_._chwou/d lead

to a lowering of the yield in secondary,electrons and thus to a reduction of th_

_ electron image luminosity.

:5

.(

: In our experimental apparatus, we restricted the desi_ tc tec_mical_y

:" r_lizable solutions without excessive complication. For practical reasons, we'

::._also limited our projects to the realization cf a vacuum of I0-e mm HE in _~_

_:- the space ahead of the contrast diaphragm and of a vacuum of I0-v _m N_ along :_
1

;" the ion path after the diaphragm.

_- " It would seem that the use of rubber _skets to ensure a tight seal of the I
Z_

vacuum enclosure makes a mechanical shifting of the object especially easy.

_, _owever, the presence of such _askets limits the vacm_n that can be expected_.

" 'In .,a,a4+4,,,.........., as discussed below, an adjustable gas leak is used for feeding the:
• i i

_.. :iongun; the evacuation of the excess gas introduced requires auxiliary pumping.

_- To obtain a vacuum much nigher tb_n i0-e ,n Hg ir the zone ahead of the die- '

.,, phragm, a considerable increase in the degree of such pumping _uld be neces-

.: , ary. Using certain precautions, a vacuum of i0-a ,m Hg can be rapidly re-
!

_ _stab!ished after introducing an object, thus--permittxnga frequent _c_uge of

'_ _pecimens and giving considerable experimental flexibility to the apparatus.

? I
_s I In front of t_ diaphragm, the sev_ndary ions travsrse a distance of only

_t_,i_LLfew centimeters, which means t_t their diffusion on the residual gas does no1_ quire a vacuum of I0- _m Hg but, conversely, such a vacuum is insufficient

, _o !
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fer completely avoiding the formation of a surface film on the specimen.

Downstrea_ of the contrast diap_magm_ the realization of a vaca_m of

I0-v mm Hg can be expected. In this region of "better vacuum", the oil _rapor_

from the diffusion pump are stopped by a liquid nitrogen trap; tightness .tsen-'

sured by indium metal seals and the castings used there are caref_ullycleansed,i

• Par%icular-iy,the use of any organic solvent is prohibited so as to prevent the i

al_ays poszible propagation of a thin film of organic matter over the surface o_

:_ the cleansed castings. Unfortunately, it is difficult to perfect the quality

- of the ,"_cu_ by hot deg"._sing since the optical systems used in constructing
i-

:'; the apparatus car_notbe subjected to such treatments without damage.

In detail, the layout of the pumping system is as follows: A diffusion

_-pump with a capacity of the order of 50 itr/sec removes the excess gas, intro-
2, :

_ ducal into the ion g_n by an adjustable leak. A fractional diffusion pump,
:;, {

"- Whose limit .acuum is 5 x i0-v t)rr at a capacity of 150 itr/sec maintains the

:' _vacuum in the zone located ahead of the contrast diaphragm, which we will

designate as "object space-. Finally, downstream or after-the contrast dia-

'_--_hraDn, in the so-called "image space", the vacuum is obtained over the inter-

_ med_ry of a fractional diffusion I:_D with an output of 600 ltr/sec, supple-
;A

!

_ mented by a ]•iquldnitrogen trap. The requirements of placement of this pumpin_

_ _ystem are tho determining factors for the substructure of the experimental,U

s I

:_ _3. Descril_tion, o,f the Equipment

a. Overall Ur_'tand CentraI Parti

'_ The entire ur_t is mounted on a parallelepiped baseplate of welded angle

_ Lrons. At the center of the b_seplate, a cylindrical pipe T (see Fig.17,

69
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Plate VII) of stainless amagnetic steel, terminated by two cheek plates, rests

on its lower base. From the io_er cheek plate, the liquid nitrogen trap and

the adaptable diffusion pump are suspended. The pipe serves as pumping link

between the diffusion pump and the central part C mounted to the upper cheek

plate of the pipe. This central cast_ C, made of amagnetic stainless steel,

acco,,,odatescn the right the "object part", on the left the "image part", and

at the rear the deflecting electromagnet. The air gap of the electromagnet runs

: along a horizontal tongue machined into bhe body of the part C. A groove, I

milled into this tongue, permits passage of the beam between the vole faces of

the magnetic prism and osculates over its entire length a bore centered on the

bore of the pipe T. __'oother conduits also end in this bore which, one on the

right and the other on the left, permit pumping of the space following the con-

_" trast diaph_gm and of the "image space". In this arrangement, the groove in

"- _ich the beam circulates is pumped down directly and the fact that the casting

' C is machined of one block eliminates, as far as possible, the use of seals and
i

thus the risk of leakage.

' _ _ Machining of the casting C must be done with extreme care since it is used

_ as reference point for adjusting the optical axis of the "object part" as well

_ _s that of the "image part" in the plane of symmetry of the air gap.

-_)

_ b..Object Part

_ The object p_rt (Fig.18 and Plate VIII) comprises the ion gun and its con-

_ _enser, the immersion lens, and the object support. These various elements are

_ Arranged with respect to a central duralumin body D in which the vacu_ is pro-

_'_'_uced oy means of the diffusion pump Pa connected with the casting C.

I Io. The usedare argon oc sionally

70
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gen ions. The gas is introduced thorougha controllable leak into a glass am-

poule where a p]_sma is maintained by means of a high-frequency discharge. The

excitation of the plasma is produced over _he intermediary of t_ copper rings

circl_ the ampoule (capacitive coupling) and connected to a 60-war �˜�high-

frequency source, oscillating at i00 inc. The plasma is brought to a high posi-

tive putential of I0 kv by means of the e_sctrode I (see Fig.19). The potential

1

5

D 6 4

2
E

?I

1965020126-073



drop which extracts the ions from the plasma takes place between the lower

limit of the plasma, frequently marked by a luminous sheath, and the extracting

electrode 2 brought to a potential which is controllable about a value of ap-

proximately 9 kv. The extracting electrode, made of a small channel with a

constriction at the center_ is surrounded by a quartz cylinder which, while re-

taining the positive charges, repe]s the ions and thus plays the role of a

Wehnelt. The extracting electrode, cut into a duralumin casting on which the

base of the glass ampoule is resting, is fitted into an insulating _asher of

araldite which, in turn, is attached to a base B. This base or shoulder carries

the electrode 3, at mass potential, which postaccelerates the ions extracted

from the plasma, as well as a diaphragm i having a diameter of 3 _ and 1LTating

the aperture of the ion beam; in addition, this shoulder is connected, over a

flexible tombac membrane, to the diffusion .DumpPl which ensures evacuation of

the gas escaping through the ion exit hole 5.

The base B rests on a plane milled into the duralumin body D and inclined

by &_ with respect to the axis of the immersion lens. The base is slidable

along this plane, which permits centering of the gun, with _acuum tightness

being ens_Lredby a to_ic joint. The gun space can be insulated from the immer-

sion-lens space by means of an airlock 6 located directly below the diaphragm i.

The density of the ions, arriving at the target, must be sufficient to

prevent the phenomenon of contamination which _uld manifest itself by the de-

posit of a carbonized layer. In addition, the luminosity of the images will

depend on the "illumination" density of the object. Therefore, it is necessary

to insert a condenser for concentrating the ion bea_.on the target. This con-

denser simply consists of a unipotential electrostatic lens with three dia-

phragms. The condenser is placed as close as possible to the object so as %0
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give a reduced image of the source hole 5. This will make it possible to ob-

tain an argon ion beam of about 20 pamp havir_ an energy of i0 Kev rnd con- /29

centrated,in a spot which, because of the inclination of the beam relative to

the target, has dimensions tb_Ltdiffer in two perpendicular directions and

measures about O.5 mm by I ram.

The condenser has a fixed position with respect to the immersion lens,

while the gun assembly can b_ displaced for centering the primary beam on the

target.

b) Immersion lens. The immersion lens consists of an amagnetic stainless

steel cylinder wbmse base, turned toward the object, is plane, carefully pol-

ished_ a,_dpierced at its canter by an orJlice 0 with a diameter of 0.5 ram.

Three channels of 3 mm diaaLeterend on this plAue face at 120° , arranged sym-

metrically around the orifice 0 and having axes ti%atintersect the axis of the

S ,5 15

M A E_ E 2

Fig.20

orifice by making, with th_s latter, an angle of _. The ion beam arrives

through one of these channels; the two other channels, for the time being, are

%u,ed only for _,_tab!i_@h_---_the symmetry of the electric field but could possibly

be used later for permitting passage of auxiliary bombarding beams.
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The inside of the stainless steel cylinder is bored so as to accommodate

the mounting of electrodes El ar_JF_. The electrode El, brought to a high posi-

tive potential, is insulated on a support of ara]dite. The lead-in for the

voltage goes through an ape_ure made in the lateral wall of the cylinder, while

other ports arranged sym_._trical!yover this wail represent feedthroughs for

facilitating the pumping of this region. The two electrodes E_ and F_ made of

amagnetic stainless steel, are carefully polished and can be centered under the

microscope with _'espectto the axis of the orifice O. Si_&larly, the contrast

diaphragm ca_ also be slid under the microscope relative to the immersion lens

assembly. Figure 20 gives the principal dimensions.

The in_nersionlens is aligned with the casting G which simultaneously

serves as support for the condenser, in such a manner that the optical axis of

the condenser coincides __th t1_eaxis of one of the inlet channels for the

primary beam. The piece G is aligned on another piece F which carries the im-

mersion lens and is centered on the casting C. The base of the duralumin body D

engages the piece F and flanges the assembl_ _o the casting C.

c) _Ject sta_e. The objects generally are formed by disks of 20 mm dia-

meter. They are secured in a dismountable cartridge (Fig.21) mounted to the

end of a rod whose axis must be parallel to th_ axis of the lens. The motion

of the rod along its axis is controlled by a threading, so that the distance of

the object with respect to the face of the lens is controllable and checkable.

The interior of this hollow rod is laid out so as to ensure airtight passage

for the lead-in of the potential to the object.

This shaft is carried by a cheek plate, resting on the rear of the body D

in such manner as to keep the axds of the shaft parallel to the axis of th_

lens, which ensures _rallelism cf the object surface with the lens face. To
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observe various zones of the specimen, the object must be displaceable in the

plane of its surface. This motion is made possible by sliding the cheek plate

with respect tc the body D, by me_Ansof screws attached to _nurlea knobs, in

two directions at 9_, which can t_ dor_ without special precautions since the

image is observed at a direct maA_l_ication of the order of 2_. Airtightness

is ob ¬�¼a toric joint of 3imit.edcompression since the cheek plate rests

directly on the body D.

This plate also has an airlock which permits insertion of the object into

the vacuum enclosure and withdrawal, without destroying the vacuum. The design

of this airlock i_ quite sim,ple: The hole pierced into the cheek plate for

passage of the object-st&ge shaft can be he_etically sealed by a movable disk

p_vided with a toric joint. The object-stage s_aft slides along a toric joint

e,nd can be pulled backward, thus, for insulating the vacuum enclosure it is

sufficient to put Lhe disk in place. A gu_oved ring permits detaching the

object-stage shaft still pushed dowr.by the atmospheric pressure. To inset+

the object, the process is reversed. Since there is no forepumping in the air-

lock, a small amount of air will penetrate into the vacu_maenclosure together

with the object. However, this does not interfere greatly; one or two mim,tes

after operating the airlock, the vacuum is practically restored to its previous

value, i.e., to about the degassing of th_ specimen.

Finally, it should be mentioned tilatthe object space is pumped down over

a bore of i00 mm diameter, drilled into the _dy D. The object part assembly

is held by the jack V_ so that no mechanical effect can interfere with the

centering of the object part on the central casting C.

e. ElectromaA_let

So as to reduce the surface of the air gap and thus also the dimensions
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of the magnetic circuit, of the excitation _oils, and of the electric lead-ins,

the pole pieces of the electromagnet follow the s_ape of the mean trajectory. /30

if

Fig.21

These pole pieces are projected onto the radial plane along two circular arcs,

intersected by two segmeuts of a straight line in KSTU (Fig.22), where the angle

of the normal to each of these segments with 'he axis of the beam is, respect-

ively, equal to the angle of incidence and the angle of exit of the beam. So

as to have the magnetic field maintain a sufficient l%o.hmogeneityalong the ion
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path within the air gap, the difference in the radii of th-,arcs RU and SOtis

made equal to four times the width of the air gap. It ,ible _ attach

S

WEDGES _
I

Fi_.22

soft iron wedges to the plane faces projecting along the segments RS and TU,

which oermits setting the angles of incidence and exit to their optimum value •

These wedges are carefully aligned so as to maintain a constant air gap.

The electroma_tet is supported on three ja '(_ by ,_ich the orientation of

the plane of symmetry of the air gap in space can be controlled. The jacks, in

turn, are mounted to a baseplate which can be displaced in t'_operpen,_lcular

directions ; this arrangement ensurt_ c_ntro1 of the magnet position ,_t;_respect

to the casting C and thus with respect tn the "object part" and to the _ _m_e //!

part" which are adapted to this piece°

The electromagnet is fed by a DC _ource with an output variab_ __t_cen O

and 7 amp and a voltage variable betweeu _ nd _5 v' the inten,,L% this

source is stabilized to within a few tenthousa_i_',_s.A meci_%n!c; -wive of the

control potentiometer permits a regular and slow sweep of thr:,:_netic induction

which thus can vary from O to i0,OOO gauss Jn an air gad of i _m width.
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d. "I_.ge Part!'

The image _rt comprises the selection slit, the stigmatizer, the tele-

photo lerm, _ nd the image converter. A duralumin casing K bounds the vacu_

enclosure containing this assembly, whose _r_ngement is shown in the schematic

sketch of Fig.23.

,:'' q e,

lr"",_ ..... -el _i :X'! _._', '_":3"1;_.'_ '---_ i I II

\\:I/I-'@-<- ',iL_S?4g_._lI ',_

,:_-._-=:::,......./.. ..............
. ,.....,,/ /---./---/--

_1 SIt I lL D I NG I-t _ _l i_S

F£.g.23

a) _. The Armco iron tube I_is brought to th, negative potential

of the postacceleration. The image converter is centered _' one of the extremi-

ties and is followed by a mirror M which reflects the lumlr.ou_ image observed
p

, _n the fluorescent screen E. The mirror has a hole at the cent_,r for passing

•he ion beam in the forward direction and _,heelectron beam in th _.return direc-

,_ion. The f.1_arescent screen also is provided with a small hole for aaiowing

....Ipassuge of the ion bee,re. Behind the fluorescent screen, the projection lens

_nd the elements af postaccele_-ation are installed. The tube i,_ capped at each

lend by a glass washer. These _sher_ are fitted into two flanges B: end _ of

7_
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_magnetic stair_lesssteel, _ are cl_mped by four long rods. The fllnges B.

and _ are fitted into the casing and thus center the tube H. In addition, the

first postacce]e_ating electrode is attached to the flange B_, together with

the selection slit and the astigmatism compens_,tor. It should be mentioned

that the flange3 are psrforated so as to permiT,pumping betweelltube and casing.

b) Ina,_econverter. The electrodes of the converter are made of stainless

steel and highly polished. The anode, carried by a sheath which fits into the

tube H, is at the postacceleration potential. The Wehn_it, insulated from the

anode, fits into an ara'dite disk centered on this sheath.

Inside the Wehnelt, the cathode which is electrically insulated by an

araldite sleeve_ can be adj_,-tedin depth dustingoperation. A coaxial voltage

lead-._ provides late1_l fseding of both Wehnel% and cathode.

The focusing is done either by adjusting the cathode in depth or by apply-

•ing, to the Wehnelt, a voltage slightly differing from that of the cathode. To

take up the field cu,-tature,the cathode is given the shape of a concave spheri-

!calcalotte whose Axis is centered by design on that of the anode and of the

: Web:,elt. In addition, so a_ to elxminate the images produced by a possible

_" _tructurdmg of the c_t}_de, the latter is carefully polished; almminum vapor
-j,

depositL_n on its su_-facegreatly improves the secondary electron emission co-

_ %fficient and, consequently, the luminosity of the images.
j'!

c) Y._rror. The converter is follo_ed by the plane mirror M which is opti-

icallypolished to a quarter interfringe sr_ ha3 a center orifice for passing

%he beams. A diaphragm, inserted into this hole, protects the converter anode
,i

_ _rom possible contact with the ion beam. The plane of the mirror is inclined

_ _ to the converter axis, which means that the image of the fluorescent

": %creen is reflected at 90° . For observation, windows or apertures are cut into
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the "_ubeH and the casing. The hole in the casing is hermetically sealed by /32

a glass port. Since the tube H is brought 5o a negative potential, an electric

field is present between the casing and the tube H which leaks through the hole

pierced into the tube H. This electric field slightly repels the ion seam on

it__ f_r.z-r_path and attracts the _.iectronbeam,on the return path. The two

effects combine, resulting in a considerable displacemen the electron image

on the fluorescent screen. This effect can be greatly reduceS by attaching a

metal shield to the hole, pushed fairly close to the glass port,

d) Telephoto lens. The telephoto lens system comprises the actual pro-

jection le_m and the postacceleration device. The electrodes are made of amag-

netic stainless steel ar_ highly .oolished,as is conventional for electrostatic

ier_es.

The projection _ens can be centered under the micros "_pe although this is

not absolutely necessary. In this arrangement, the central electrode is sup-

pozted by three insulating rods which reduces the insulator surface and leaves

the largest possible space for pumping. The three electrodes are housed in a

small casing which fits into the tube H and on which the fluorescent screen is

centered.

The two postaccelerating electrodes are perforated by rectangular holes

along the outer rim so as to ensure better pumpin_ of the interelectrode space.

: e) Selection slit, astigmatism compensator. The selection slit consists

of two platimm foils, held in place by two stainless steel rims. Originally

stationary, the two rims of the slit were later made ,obile so as to permJ+ au

!adj_mtmentof the slit width during operation.

The astigmatism compensator is a hexapole of conventional type. A total of

, _six rods of 3 mm diameter are distributed at 6_ over an insulating ring. Each I

8O
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two opposite rods are electrically coupled. The power supply is b$ two 12-v

battel,ies connected in aeries and branch,_ to a potentiometer which pewits an

adjustment of the m_gnitude of the corre:tion to be applied. A sine potentio-

meter with three outputs is connected to each rod pair, thus ensuring control

"in direction" of this correction.

_. Power Supply for the Unit

The potential of the object is fixed by a high positive voltage, stabi-

lized to within several ten thousandths and variable from lO0 to 5000 v. Be-

tween the object and ground, a plug potentiometer, with a total resistance of

5 M_, is installed which furnishes the voltages for feeding the immersion lens

and the projection lens. The fine adjustment of the voltage applied to each of

these lermes is obtained by supplemc_+.ingthe voltage tapped from one of the

terminals by a variable voltage furniehed by an insulated potentiometer mount-

ing, coupled to dry cells charged to high voltage.

The cathode of the converter is directly fed by a negative high voltage,

adjustable in kilovolt steps from 0 to 50 kv. The voltage of the Wehnelt can be

regulated by means of an insulated potentiometer, coupled to high-voltage cell=

A fraction of the negative high voltage, tapped from a plug potentiometer with a

total resistance of 2000 N_, is applied to the tube H and fixes the postacceler_

:  tentlal.
i

The positi_ high voltage of lO kv, used for extraction, acceleration, and

. focusing of the primary ions, is simply rectified and filtered. The various
c

_. Voltages are tapped from "_plug potentiometer, i

,, In the object part, the voltage lead-ins which are vacuumtight are held by_
"I

an insulated sleeve of araldite. In the image part, the voltage feedthrough
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ins_u!at=r is of fritted ah_ina:, brazed to titanium metal castings. Vacuum-

tightness is obtained in _ht"first case b2 toric rubber gaskets and in the

second case by indium metal joints.

5- Focusing Experiments

a. InvestiKation on Focal Lines

We have shown above that the presence of stray fields changes the position

of the foca] lines produced by the magnetic prism and that the resultant diffi-

cultie2 can be solved by makJ_ng use of the hypothesis of an equivalent _agnet.

The characteristics of juci:a magnet are determined from the real magnet, giving

the symmetric positions of _ocusing. The experimental investigation or the

metry conditions proceeds as follows: Iron wedges plated to the faces of the

pole pieces of the e!ec_,romagnet permit to vary the entrance and exit angles of

the beam in the prism and thus to modify the convergence of the prism in the two

pr_ncipe! s_c+,ions. Two different methods are in question to obtain the desired

result. The first method consists in first defining the topography of the stray

field in the radial plane and then calculating the trajectories. Such recording

should be done for each angle wedge since the '_gnetic faces" are not neces-

sarily parallel ho the mechanical faces. The second method, which we used,

Consists in visually displaying the focal lines, which avoids bhe delicate op-

@ration of plotting and also yields a complete integration of the trajectories.

First, the angle wedge which results in stigmatism of the prism is defined for

a given position of the crossover. After this _ the position of the crossover

object must be varied until the _}_etry conditions of focusing are obtained.

_, However, the problem can be made !ess strict by referring to Hennequints results
q

And by using the curves of the stray field given in the literature to perform an
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approximate calculation of the positions of symmetric focusin6.

a) Experimental assemblies. Speaking generally, electrsn optics is a pro-

cess much easier to handle than ion optics. Therefore, in our first exl_ri-

ments, we replaced the above-described object part by an electron gun whoee

distance with respect to the entrance face of the magnet could be varied, and

replaced the i_age Fart by a fluorescent screen w.hose distance from the exit

face of the magnet could be varied. However, the resultant assembly .has one

serious drawback: The remanent induc_.ion of the electromagnet _s sufficient to

cause a rotation of the electron beam, which resulted Ln operating conditions

f%F from those in which the magnet can be effectively used. Therefore, it be-

came necessary to substitute ions for the electrons despite the fact that this

res-_ed in a complication of the detection process.

The ion source consists of th6 electron gun in which a ttlngsten filament,

having a lithimn alumJrmsilicate loop fused 50 its tip, replaces the convention-

al f_lament. It is generally known (Bibl.30) that _uch a _'i!ament, when hea'.ed,

emits Li An ion-to-electron converLer, similar to the one 4escribed

above, serves as receiver for displaying the focal lines, fhe photograph in

the Appendix (Fig.2/+, Plate VIII) shows the device for detecting uhe focal lines.

The brass tube 1 carries at one end the converter itself and, at the other end,

the fluorescent screen. Through the orifice in the tube I, the mirrur 2 in-

bl__ned at i_ and reflecting the image of the fluorescent screen can be _iewed,

J thus showing the hole at the center of the screen for passage of the ion beam.
[
T

i_ The a,-sembly is mounted to a pipe 3 which slides alon E a toric Joint. The

hollow rod &, extending alone the axis of this pipe, feeds negative high voltage

to the cathode; polari_%tion of the Wehnelt, at a voltag_ slightly differing

:'tom that of the cathode, takes ph&ce across the tubo &. A spring attached to
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the tube 1 grounds the anode of the converter by rubbing along the interior bore

of the duralumin body 5- The apertuz.e,milled into the casting 5 is closed bj a

trar._parentplexiglas sheeto Airtightness is obtained by toric joints, since

the quality of the vacuum is not of extreme importance in the investigations of

focal lines, in addition, a plexiglas handle attached to the extremity of the

pipe 3 permits pushing and pulling of the detector assembly and to thus vary its

position with respect to the exit face of the magnet.

The ion focal lJJi_is formed on the converter cathode which produces an

electron image amplified several times. To have the passage of the ion beam

proceed without intersecting the rays at the height of the fluorescent s_en,

the hole in this screen must have sufficiently large dimensions (several milli-

meters). Therefore, it is to be expected that the electron image of a given

focal line will be prevented from forming on this hole and thus cannot be ob-

served. Fortunately, the stray field of the magnet is still sufficient at this

level for slightly deflecting the electrons so that the image will form outside

of the hole.

b) Results. With this experimental setup we were able to determine that

the angle of incidence and the angle of exit of the real magnet was 3'2030' and

• thet the radius of curvature was ll7 n_n;let us recall that these values for a

Sheoretica] magnet are, respectively, 2_30' and lO0 ram. These data permit
I

proper placement of both object part and image part. In addition, by changing
i

the properties of the aluminosilicate, an emission of K+ and Cs can be

obtained, proving that the saturation of the soft iron in the electromagnet has

_racticallyno influenc,_on the,position of the focal lines.

_ b. Preliminary Adjustment of the Converter

_ For adjusting the coL,erter, the cathode is illuminated with AI* ions
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_selected because of their high emssion intensity). By then varyi_,geither the

: cathode depth or the excitation of the Wehnelt, the fe;" defects which still

persist on the surface after polishing c_n be compensated. To obtain the condi-
{

tions under which the converter would introduce a minL, w_ of dist.ort__on, it is

"_ preferable to electrically couple the Wehnelt with the cathode and to only vary

' the depth of the latter. However, this focusing method is insufficient since
_f

it does not permit checking whether the cur'ra.ture of the cathode properly cor-

_ rects the curvature of the field and also does not give data on the enlargement i

- produced by the converter of an ion _r,age outlined on the cathode.
-\

I

:_ If the image of the cathode surface is to be reproduced, it is necessary to

: give a distinct structure to the cathode. For this purpose, a copper screen of _

i

-"--25 _, mesh is impressed on a concave alu_.n_ cathode, using a steel ballo The !

lifference in electron emission on aluminum and on copper is responsible for th_

_ ;ontrast observed on the image (Plate I, Fig.c). On hand of an enlargement, it
.:_ !

_'_ _n be estimated that the limit of resolution introduced by the converter is i

_: about 5 _; otherwise, the image is sharp up to the very edge. A small straight_

_ edge photographed at the same distance as the fluorescent screen gives an indi-
i
i

'" cation (Plate I, Fig.c) that the converter enlarges 16 times. If an icn image
i

_ _ives on the cathode, enlarged by about, 15 times, the final m.qgnification will
-s i

_'_ _e 250 and the limit of resolution, with reference to the object, will be one
I

_• _hird of a micron.

ii i Obviously, the spots appearing on the micrograph of Fig.c (Plate I) are due

'_ _,ofaulty impression of the screen on the cathode or by defects of the screen

"" Stself•
_;,

'_" _, Observation of Ion Images

_ The objects used for adjusting the optical system consist of a copper scree
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pressed into an aluminum block. This permits a direct observation of the final

mag_fication of the image and measurement of the resultant distortion.

i

a. Adjustment of the O_tical System _

As described above, the converter is adjusted by focusing on a few small

: rmarkings remaining on the cathode surface after polishing.

_ In any type of adjustment of the telephoto lens, a focusing by the emissioh

:_ &ens is absolutely impossible since the chromatic fog completely washes out the!

image. On varying the excitation of the telephoto lens, there will finally

, !arrivea moment at which this lens is sighted on a plane not too far removed

-_: from the achromatic plane, which then permits a rough focusing of the image.

:_ iOna minor modification of the nmgnitude of the magnetic fie]d, the image will

_shift. In fact, even a slight change in the magnetic field is equivalent to a

"- ;changein the energy of the ions; this will result in a rotation of the trajec-i

, _tori_saoout the chromatic focal line which, in turn, produces nDvement of the

" image. On changing the focusing of the emission lens, the position of the ini-

:_ itial image I_ is cha_Lgedand, consequently, the position of _he radial focal

_ line _. Consequently, the next adjustment conmists in making the radial focal *
t

_ _line coincide with the chromatic focal line. By successive re_tting, the ex-

_' icitationof the telephoto lens can be so adjusted that a slight modification inJj
1 i

_' the magnetic field will no longer shift the image, so that proper focusing can i
I

!beobtained by varying the emission lens. Incidentally, the progress of adjust+
J J I

_ ment is easily checked by simply noting the improvement in the image which grad_
- i !

_ !ua]lyloses its chromatic blur. This finally leaves the astigmatism to be cot-I

!rectedby means of a stigmatizer, so as to obtain optimum image quality. 1

i

" Duri:kgthis latter operation, the fluorescent screen is observed through an i
)/
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eyepiece which magnifies A - 5 x. To make the astigmatism correction easier,

the screen object is replaced by an object into which small cells of a high-

emission substance are embedded (or deposited) in such a manner as to obtain
(

brilliant spots contrasting with a dark background. Fir_lly, it is also l_S-

'_ sible _ improve the adjustment of the converter since the focusing on the re-

Sidual particles on the cathode is not very accurate.

:' The direct magnification of the image on the screen may vary between 180

_nd 3130, and the observed field may fluctuate between 0.2 and 0.28 :m. The
t

various _.agnificationsare obtained either by separately modifying the excita-

'" _ion of the two lenses of the telephoto lens system in such a manner as to p_-
2t, i

" !jecta more or less enlarged image onto the converter cathode while sighting

:_'-_theachromatic plane or else by more or less approacb.ing the object to the firs_
.2'; !

:_ face of the emission lens while _e_ining the focusing of the image on the
2_ i

_ !planeIo by varying the excitation of the lens. So far as the dimensions of

:' _he observed field ar_- concerned, they are basically li_ted by the diaphragm '

'_ !inse1_tedin front of the converter, The fluorescent.3creen on which the images i

_ _re observed is photographed from outside, using a camera which ,_anbe retracte_

_ _or visual observation.

b. IonImages
,i)

,I _ The micrograph in Fig.d (Plate i) was t&ken on a screen object with AI*

_ ions. The black lines correspond to the absence of aluminum and thus represer.',
t, ,

i _he bars of the copper screen. To the upper right of the micrograph, the effecls

_ _f sputtering are clearly defined. The copper screen actually has only a I_ _hickness of 8 _,; eroded by the ion bombardment, this screen is gradually con-

_,I _umed within a few minutes, leaving an imprint in the aluminum matrix which can I
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be easily detected by a relief effect. In this particular experiment, the
i

centering of the ion beam on the target is slightly shifted so that the etchingl

pressure can be observed.

The Cu+es ions also give images, but of a much weaker luminosity. The bars

of the screen appear light on a d._rk background and the obtained _-_ge repre-

. i sents more or less the negative of the _iag_ given by the aluminum° In addi-

': _ion, it is obvious that the distortion introduced by the magnet is negligible

" and that the distortion of the projection lens is practically compensated by

%hat of the converter.

i We then investigated a crude foundry A1-Mg-Si allo" , The m_crographs

_(Fig.a, b, c, Flate II) ahow the images obtained, respectively, with Ng*_4,

: A1+2. Si+28, and ions. The precipitates of l_Si, in the forn o_ denarites,

?', _ppear bright on a black background on the images formed with i_g+ and Si+ ions,

_ .:whereas they appear dark on the image obtained wi_th A1 On the othert

t

:-) ,hand,the silicon distribution image shows brilliant conglom=,rateswhose appears.

_' ance on the alum_um distribution image is marked by a more or less pronounced
_2

_; ,shadingwhicn does not appear on the magnesium image; this means that a segre-
\i I

_ .gation el silicon is involved. In addition, the precipitates do not contrast
T

_ _ith a completely dark background as is the case for .magnesium,which means

_' J,that the silicon is also dissolved in the aluminum matrix. This assumption is

, confirmed by investi_ation with an electron microprobe. We would like to men-

_ion that these _ges were taken with a contrast diaphragm of 0./4. r_ and that

" Itheshielding had not yet been placed on the viewing port, so that the displace_

_nentof the image with respect to the hole for passage of the Son beam through

_) the fluorescent screen is clearl2 defined.
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17.Resolving Power

Obviously, the analysis method described here makes it possible to auto-

_' .ratica]lyobtain the distribution diagram of a given element at the specimen

'" ,surface,in the form of a characteristic image. The first que,_tionthat comes
)

_ -Ito mind is that of the resol'_ng _:_wer that can be expected of this _r_ge.
'I

t_ a. Limitations due to the.Opti.calSystem _5

! S

_ The resolving power is primarily limited by the aberrations of the optical

i_ system used. This system comprises the initial emission lens, the magnetic
1_

_" prism, the electrostatic telephotolens, and the image converter. For a given
~.

-'- _iameter of the contrast diaphragm, we have demonstrated that the magnetic

-" !prism influences the chromatic aberration imge and the aperture defects, whichi -

2& I
are negligible with respect to the l_.mltof resolution of the emission lens,

f_ ._nd that only the field astigmatism aberrations are manifest along the edge of
J

_c _he observed image. In the apparatus dcsigned by us, for _ contrast diaphragm

<_ _f 0./4. _ and an imaged field of 0.2 _n, the field astigmatism aberrations along

_ _he edge are of the order of 0.5 _ with respect to the object. In addition,

_'_ _he image converter introduces an aberration which, relative to the object, is
1

_ bf the or_ler of 0.3 ._.
,' I

I The ro]e of the electrostatic telephoto lens is that of projecting the

_ _iltered ion image; consequently, thi_ lens only introduces a distortion on the

',_ limagewhich is readily compensated by that of the converter. Finally, with a

!contrast diaphragm of 0./4. _ diameter, the lens system used introduces aberra-
I

,, ions that permit a limit of resolution of i.i _ at the center and of ].6
q,

_long the edges of a field of 0.2 "_n. With a contraat diaphragm of 0.2 _r_, a
}
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limit of resolution below i _ o"er th_ entire field of 0.2 mm can be obtained.

In all this, we have disregarded the chror0-atic aberrations introduced by the

_ens L since it,is difficult to define to what extent these aberrations limit,

the resolution and influence the in_ge contrast. The micrograph (Fig.a,

Plate I) taken with AI* ions on _ cmlde foundw AI-Mg-Si alloy shows fine M_Si

I' iprecipitateswhich appear dack or.the image_ giving an idea of the image qualit.

!, obtained with a diaphragm cf 0.2 _r_. The microgl_ph in Fig.b (Plate I) refers

" to another region of the same alloy, but the image is here forme_ by Mg �x�ions
i(_

I " h

! b. Ultimate Re._olving Power

i _nother question is that of th6 final resolving power obtair_ble wit._the

-' _.bovemethod_ beyond the present capacity of our experimental apparatus. By

,, iincreasin&the enlargement of the image given by the emission lens, the limits-,
t

'_ _ions on the resolving power introduced by the remainder of the optical systemi

"_ become negligible, so tb_t - in the final analysis - it is the itial emission!

; _&enswhich limits the resolving power, tlowever, tl'_.s latter can be improved at !

_' _ill by reducing the diameter of the contrast diaphragm, placed in the crossoverI

! i
Of the lens. Thus, it booms a priori that no _asic limitation exists for _he

"' !resoLvingpower of the analysis; it is & fact theftnowhere in this method do we I
L

" ihave anything like the l_itation placed (for ex_;ple) on the resolving power
i

_' bf an electron probe microanalyzer by the d_.ffusepenetration of primary par-

" Iticlesinto the interior oi' the specimen; in fact, the incident ions in our

' _ethod _netrate only e few tens of pngstro_r_ into the t_,rget.

! Nevertheless, there is another lir_tation of the resolving power of the

._, _nalysis by secondary ion emission; this limitation is due to the process used
[

'; tfor fomting the ion image. Tha ions that contribute to the formation of the
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_mage are extracted from the specimen itself. However, nvt only is the number
I

.of characteristic ions produced by a given bombardment generally lower than that

of the neutral atoms simultaneousl_ extracted from the specimen but, in addi-

.tio_,the diaphragm inserted at the crossover of the emission lens permits

•' .passageof only a s_a__lportion of the emitted c.haracteristiciorq, This ,_ould

_: ,indicatethat the sputtering of a minimum volume of m_tter _uld be necessai_

;_ .toobtain a sufficient number of c._aracteristicions for the formation of each
] :

i_ .elementof the image. T.hisnaturally leads to a limitation of the ultimate re-
.d

;" _olving power cf the analysis.

:_ : This ultimate resolving powe_ can be estimated as follows : Let ¢ be the

_; ,limitof resolution and let p % be the accuracy that must be obtained for a ,!

-_---quantitativear_lysls of the elementary volume cs. At the onset, let us imagin_

2-_-_he ideal case in which rigorous calibration curves make it possible to defin
26_. " ....

-_.-.withoutnoticeabls error.,the concentrations of the various elements from the

a'_}!inter_ityof their ion emission and where the ion emissions themselves are
__{,.

_: measured ,_.;than absolute accuracy (which m_ans to say that the recei'..-erdevice
,2 I

I

3_-_counts the arrival of irdividual ions); however, in this _se the accuracy with
"bz .._

I

_'- _ich a local concentration can be determined will be limited by the s

_8---_lucttmt_onsthat affect the nt_uberof char_,c_eristicions emltted per element-

_ry vo±ume, fluctuations _hich are equal to the inverse of the sq,_areroot of
I

,i ._hisn_ber of ions. An accuracy of p % in the measuring of the concentration

% car,thus be obtaiz_edonly if the number of characteristic ions emibted per ele-

_ _entary volume _s is at least equal to iO*/p_. This indicates clearly that the
_(_ !

': !essenbialfactor, enter_,g the cal_ulation of the ultimate resolving power, is
I

_v Itheefficiency of production of seconda._ ions, i.e., the ratio n:/no of the'_0 t
_' Inumberr_ of characteristic ions contributing to the formatio_ of the image of
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a given region to the number no of neutral atoms simultaneously ex_racted from

the same region. This ratio is lower the smaller the _ontra_t diaphragm of the

emission lens; as soon as the limitation of lateral velocity, imposed by this

diaphragm, is much lower than the mean emission velocity of secondary ions, it

can be assumed t.k_tthe ratio n,/ro is proportional to the a_rface of this dia-

:phragmand thus proportional to the limit of _esoh_tion of the image furnished ',

by the emission lens. li

Therefore, it is not necessary to determine the ratio nl/no for each value

:- of ¢; it is sufficient to determine nl/rb for one particular ca-_e. The meas-

'_ .m-ements were made for a diaphragm adjusted such that the lens b.ad a resolving

:i power of 1 _ Denoting by ("_) the value of the *_
• ra__o deter_M.ned uncler

? ?. • exp

-" -thesecor_ixtions,it can be assumed tI_at,as long as ¢ remains below or equal
.i i

"') obtained at the resolvi_ power e- _o I _, the "yield of secondary ions" _o

_--%s given by the relation

(")"_ , _;_•= • ,_._.., where e is expressed in microns.

_" _his wi?l yield

;_ ;10 exp = " =- nO_)" I

-j

_', _ i: _ufficient to replace, in this expression, the quantity nL(¢) by its min-_

i'/ iimalvalue 104/p2 and to note that no(¢) is equal to K¢a where K is a constal_

_, /representing the number of ato,_ contained in a volume of the specimen equal
I ,

:" to I s (K being of the ordez'of 6 x i_ °) so as to obtain finally the relation
H,

K-i/. )-1/. (",) -1/'
h_ I_ = I0 I llliCrOllS.
t") Ilo O_:l_

•_: The ratio (r_/no).x_ naturally depends on the concentration of the element
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Sought; it also depends greatly on the nature of this element and on the nature

of the compound in ,_hichthe element is contained, It will be shown that the

'-'ratios (z_/ro)e.p, measured in the case of aluminum and of copper, }_ve values,
L,

- respectively, of the order of !0-S and 5 × i_-7 •

' To establish the concept, we :.411assume an accuracy of 10% for the quantil

_: ¢_.tive analysis (p = lO) thus finding, under the experimental conditions of the

:_ apparatus (where the extracting field at the object surface is I0 kv/cm), an .

_ Ultimate resolving power of the order of 350 A for the c&s_ of aluminum and of

_ _0.35_ for the case of copper. _T"is possible to imnrove,this ultimate resolv-i
"_ t i

:' ling Dower by incr___sing the electric field of ion extraction. In fact, by in- _

-' icreasingthe extracting field and by adjusting the diameter of the contrast iw

2__.__iaphragm it.such a manner as to permit passage only of ions whose lateral 1

:" :energyis equal or below 1 ev, for example, the limit of resolution of the_t

_" lemissionlens can be improved without reducing the number of ions participating

_'_ _linthe formation of the image. Let us mention that, on returning to a limit ofl

,i iresolutionof i _ for the emission lens, the diaphragm of this lens will oermitl$2
I

_ passage of ions whose lateral energy is above i ev so that there will be an i
J

_o__" increase in the number of ions contributing,to the formation of the image. Forl

ithesame rate of sputtering, this leads to a higher ion yield ("') . One can

ialsohope to increase the secondary ion yield by a suitable selection of the
,t' {

': _ombardment conditions: nature, energy, and angle of incidence of the _ 'imary_2

._ il_rticles. As it is, this resolving powe" is already clearly superior _ that

_s obtained,:: with an electron-probe microanalyzer for the case of solid specimens.

_ !llowever,it will be shown later that the electron-probe microanalyzer remains

_') superior_. for an analysis by secondary ion emission so far as the possibility of

,., iaccuratequantitative analyses by convenient methods is concerned.
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CP_PrE2 III

SON_ RESblTS ON SECONDARY ION EMISSION

So as to kave the above-obtained Lmages of ion distribution become useful

for microanalysis, it is necessary to conduct further studies on the basic

characteristics of secondary :on emission. For thiz purpose, a measuring and

recording device for secondazy ion currents is substituted for the "image part"I

the apparatus can then be used as a simple mass spectrograph.

1. Experimental Setup

_' Measurement cf the secondary ion current is made by means of a Faraday

-cylinder coupled to a DC amplifier and an oscillating capacitor. The Faraday

' _cylinderis protected by a metal shield brought to a s!igntly negative potential

iso as to repel the seconda.w" electrons produced by the impact of ions on the
.L

:" walls of the enclosure or on the base of the cylinder. A slit is placed in

" _ront of the assembly, at the level of the crossever image; its width is regu-

_ ilatedby taking into consideration the aperture defects affecting the crossover_

_: The measurements are also made by limiting the "lateral energy" of secondary

:ionsto about i ev by means of a contrast diaphragm, placed at the crossover oi'

-> _he emission lens. A recorder, coupled to the DC amplifier, permits a direct{
_racing of the spectrum of the analyzed material.

LI

' 12.Secondary Ion _nission /.'_7

" i It would be quite difficult to give a detailed and complete view over the

, phenomenon of secondary ion emission. In fact, excluding studies on the re-

,, iflectionor the diffusion of primary ions by the surface of th_'-barget,very
J

')' {

%
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_ew reports have been published on the emission of characteristic positive ions

Veksler and BenJam_novitcb (Bibl.9) demonstrated that tantalum targets and

" _ickel targets emit, respectively, Ta+ and Ni+ ions when bombarded by Cs+ ions
/,

of 0./4, to 2.8 Kev energy. Their experiments derr_natr&te that the phenomenon

': cannot be justified by a formula of the type given by Saha-Lan_muir:

'_ N. ---exp k'l"(9-- V,)

:_ )here Ni and N., respectively, are the numbers of secondary atoms and extracted

:neutral atoms, while a_ is the work function of one electron of the metal, g:

' :,isthe ionization potential of a neutral particle, and T is the absolute tern-
_i)

_i .,erature of the target.

.'_ . These authors actually determined a real yield which, for tantalum and
2, i

_ inickel,was I0_ and IOs times higher than that indicated by the above formula.

._'. iHo,_ver,this formula refers to the thermal vaporization of ions so that it is

-"' inot sttrprlsing that it is inadequate for the case of sputtering, where the

": !ejectlonvelocities are considerably higher. It should be mentioned also that,

_, -i:h£ the concept of a thermal proces3 for explaining the phenomenon of secondary ,

_ lionemission is retained, it does not seem that the mean temperature of the

_ I%argetwould have to intervene directly. In fact, the impact of a primary ion

_ ip_duc_s a local heating of the crystal lattice which is resorbed by collisions i
tt) 1

:._Jibetween ions of the lattice and then, after a time equal to the lattice - e]ec-

_ tron relaxation time, by electron conductivity. Therefore, it seems more logic,
i;

_ !calto use a "local temperature" of the lattice. Other authors (Bibl.9, 15)

L lobservedthe emission of Be+, Mo+ , and Pt+ ions sputtered from targets composed

') of the corresponding metal. In the case of platinum, Bradley (Bibl.ll) spe-

:_- icificallywas interested in ions originating in compounds formed from platinum,
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from the viewpoint of his study on surface reactions. However, the _tu_ of

secondary ions may occasionally vary within surprising limits; thus, Hon_g

(Bibl.12), in bombardLng a silver target: found an impressive series of second-

ary ions where the Ag+ ions accompanied, in equal quantity, the K Na+ ions

which v_)uldindicate the absence of specificity in secondary ion emission.

Our experiments naturally do not pretend to give a complete solution of the _

problem. We experimented only on a restrJcted n_mber of elements and combina-

tions of elements and under insufficiently varied conditions. For exBmple, the!E

apparatus used had basically been designed for the production of i=ages ,hich i

made it impossible to vary the conditions of bombardment. The specimens were

• bombarded almost exclusively with argon ions, arriving at the target under an

angle of about 30° and with an energy of 7 Key. No special precautions were

" itakenfor verifying the composition of the incident ion b_m. The source of
2

'projectileions is simply "rinsed" with argon for a certain time. Laboratory

" measurements (_ib_.27) showed that the energ_ dispersion of primary ions, in

relative value, should be of the order of 5%.

" However, an experimental setup produced Ln the laboratory (Bibl.28) made iti

:possibleto bcmbard the target with neutral atomq of argon having an energy of !

about IO Key. We were thus able to verify that the impact of fast neutral atom:

;producessputtering of the t_rget, under the emission of characteristic second-_

• _aryions. We a_so obtained distribution images, which would indicate that it
l

is perfectly possible to substitute the bombardment with primary ions by a
i

_, ibombardmentwith fast neutral atoms. From the theoretical viewpoint, this

iresultis of interest for understanding the mechanism of secondary ion emission

!in fact, it is possible to confirm that the mechanical conditions of impact of
?

!the primary particles on the target are responsible for the degree of ionization
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of secondary particles and that the charge of primary particl_s does not inter-

Vene in the ionization process.

3. Pure Elements

a. Nature of the Ions
i

_,

; Generally speaking, a metal M principally era'is_ atoms. If this metal is

_, composed of a mixture of isotopes A, B, C, naturally A+, B+, C+ ions will be

_ Obtained since the abundance ratios are maintained; this is shown, for example

;- :(Fig.25a),by the recording for magnesium which, as we recall, _s three iso-

J topes Mga4 , Mg_a , and Mg_6 whose respective abundance is 77.&%, iI.5%_ and

i1.1%. Besides these simple ions, there are also ions carrying multiple charges

_f the type M_+ and molecular ions of the type _, although in a much weaker !

;proportion. Thus, an alumin:mv_target will yield AI ++ AI+ A_ A_ i, , , , !

lions. If the height of the spike AI+ is taken as unity, the intensities of the

:: !corresponding spikes will, res_ctively, be /, × lO-4 , lO-_ , 1.8 × lO-a , and

3 , lO-4 .

a) Secondary ions with several cP_rges. The intensity ratios of the r_aks

_; A1+ A1+ xthe peak A1  above, are directly measured. Since the
1

_ !ionsAI �xAI*++ carry, respectively, t_ and three elementary cl_rges, the

._ _atios of the number of doub!2 and triply ionized atoms to the n,mgoerof singly

' ionized
_ atoms are obtained by dividing the intensity ratios, respectively, /j8

_y two and three.
I _

,. Otherwise, the filtering of ions in accordance with their "]_teral energy"

,_ _roceeds differently, depending on whether ions with a single charge or ions

.,, With multiple charges are involved. In fact, the process is exactly as though

_i _.hsions of the type MP+ , on leaving the target, had a potential p times higher

9'/
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tb_n that of the sic,lple ion_, so that, provided that e_oa is the max_imumenergy

of the simple ions which pass through the diaphragm without being stopped, the

ions of the type N_+ with an energy p-e_o, also pass without being stopped.

In the ratios given above, we thus counted the ions A]++ and A]+++ having

energies twice or three times higher than those of simple ions. This is furthel

complicated by the fact that,the energy dispersion of the prism is independent

• of the charge carried by the ions and that, consequently, a portion of these

' ions with higher energy is eliminated by the selection sl_t.

It is possible to observe the images given by multiply charged ions since,

' in the electrostatic optical system used, the trajectories a_'eindependent of

the charge-to-mass ratio of the ions that they c_ntain. With the screen object,
2 _

which we had used before, the image formed by the AI_ ions is completely

&dentical to that obtained with AI+ ions. Since the AI+ "see" an electric

field twice as intenseas do the AL/ ions in the accelerating portion of the

lens, one could believe that the image obtained with AI++ ions is of a higher

quality. However, this is not the case since it _as demonstrated above that the

contrast diaphragm permits an integral passage of ions having a lateral energy

_ bwice as high; the resolving power of the lens remains unchanged.

_ Let us finally note that an element composed of a mixture of isotopes A,

" !B,C n_:yyield A t++ C++_ , , ions In the case of magnesium, it can be con-

_irmed that the isotope ratios are the same as %hose measured for simple ions.
' i

" i b) Molecular ions. If an element is composed of an isotope mixture, the

_]ecu]ar ions are formed by the association of various isotopes among them-

selves. For example, the two-to-two combinations of three isotopes A, B, C

"' i. (A-B)glve six possible groupings for ions of the type :(A - A)+ ,
k

I(A- C)+, (B - B) - C) �and(C - C)+. For the case of magnesium, Fig.25b
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Shows a recording in which the r_sses _8, 49, 50, 51, and 52 appear; however,

!itwiJl be found that there are five spikes instoad of six which no doubt is

due to the overlapping of the masses, meaning that the mass 50 can be produced
,r

bythe_mbin_ion_(_ - _,_)_nd(_ - _,Z_).

;- t,,

I ; 4e

_ (_

i

:! _ , f(

Jl][_L ,'j(- _ __.j" A_-- _ --4--- _.--

_t b

-' Fig.25

,_ The images formed by the N_+ ions are easy to observe. For example, using

_ ._he screen object we were able to observe an image made with A_ + ions s£m.ilar

' _o that given by the A1+ ions. This indicates that the molecular ions origi-

:;hate directly in the object or at least that they are formed in the immed_te

ivicinityof its surface. Naturally, it.can be conceived that ions of the type

iMa+ are produced by the association of an _ ion with a neutral atom M or else
i

'_ _y the association of t_,_ _ ions, followed by neutralization of a charge, or

!finallyby the ionization of a molecule M_! however; these various processes -
i

_ t:[f they actually do take place - must occur in the :Lr_liate vicinity of the

!, (
,surfaceso as to make it possible to obtain an image.
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b. Ener_ Dis_rsion

The recording in Fig.25b shows that the separation of consecutive masses

is imperfect and even that, in cases of simple ions, each splke is extended by

" a "bail" on the side of increasing masses. This is due to the fact that the

contrast diaph.Bgm of the emlssion lens limits only the "l&teraS energy" of

secondary ions. The ions, leaving the target perpendicularly to its surface,

ipassthrougi;th_ contrast diaphragm, no matter what their energy might be. The

_ selection slit of the spectrograph isolates an energy band of the order of aboul

10 ev. On measuring the secondary ion current at various excitations of the

_'_ magnetic field near the value given by the maximum of a spike, the order of

! magnitude of the energy dispersion of the sputtered ions can be evaluated. For
_ \

example, for lithium, the Li+7 ions with an energy of about 70 ev yie I a cur-
i

rent iOO times lower, while ions _ith an energy of about 270 v wi.'lyield a

_ current lO00 t_es lower. In the case of aluminum, the curr3nt is about 30
L

_' _imes lower for ions _ving an ener&v of th_ order of ]00 ev.

' To understand the phenomenon of ion emission, it would be highly usefu_ to

_ _knowthe energy distribution of secondary ions. Consequently, it is necessary
]

"_ _bo collect all ions emerging from the target and to analyze their energy. How-

ever, in our specifi_ arrangement, the ions are partially stopped by the con-
i

_rast diaphra_l. Under the hypothesis that the emission takes place in accord-

_nce with a law of the same type as Lambert's law in optics, we were able to

_emonstrate that the attenuation coefficient introduced by the diaphragm is

- _o, • thus, it is possible to comcare, for example, the low-energy intensities

with those measured near lO0 ev. However, the results of such a comparison

have only an indicative value since the emission does not necessarily take

lOC
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_lace in accordance with Lambert's law and since, in addition, the effect of '

discrimination introduced by the orifice 0 of the electrode A on the ions comin_

£_m the edge of the image field is disregarded. Thus, for a given initial

energy e_o < e_o., all ions entergingfrov._the center of the field are able to

_ _ss through the orifice 0 no _tter what their angle of exit do might be,

:! whereas this is not at all the case for ions emerging from the edge of the
]' i

:' field Q

_ Under th_se restrictions, ]et us use the values given above and ±et u3 u_

' icalc_.te, using the above v_lues and assuming 1 ev for eq%=, the real intensi-
I

_ _ies of ions whose initial energies fluctuate about a value of approximately

_! 300 v. in the ease of lithium, it .__ll be found that the ions near 70 ev would

?_ _'_ve an intensity of the order of seven tenths those of the low-energy ions and

:_ _hat the ions neat"270 ev would still have an intensity about three tenth_ of

- _his value. As to aluminum, the ions near lO0 ev would be three times more

_ numerous than those constituting the spike AI*.

; These values are far from agreeing with those given by various authors.

_ _hus, according to Stanton (Bibl.lO), the Be* ions originating in a berTllium
i

'_ ispecimenbomb,.q_ed by Ne+ ions of i000 ev energy are mostly emitted between 5
i

_nd 10 ev but certain ions have energies above 200 ev. Similarly, Honig

_' _(Bibl.12)found an energy distribution presenting a max]m_ at 2 ev and a half-

_ _idth of 2.5 ev for the Ge* ions emitted by a germanium target under the impact

_f Er+ ions of &O0 ev energy. Presumably. this is due to the fact that, in

_hese experiments, the energies of pr_z'_ particles were ,m_ch lower than in

;ourexporim_nts. It should also be mentioned that the manner used in collecting
L', I

ithesecondary ions on emission in these various setups is responsible for the

" Tact that a portion of the fast secondary ions might be eliminated: no specific
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indication is given whether this had beez_tak3n into account.

c. Emissivity of Various Elements

Trlefirst infoz_a_ion available for a comT._i._n of the emission of second-

ary ions of various elements is that obtained by measurirg the intensity of M+

&on curren_., under equal conditions of prLTary bombardment. Since the filter
i

effect of the emissi, , lens is the same for all ions of the _ type, the corn-
!

parison of obtained values _uld, in all strictness, have to take account of th_

fact that each element,has an initial energy distribution of secondary ions

characteristic for it. Nevertheless, it scems likely that the dzfferences in

:theener_v distribution from one element to another are not sufficient to be-

lieve that a rough comparison of the obtained val1_s might be absolutely wrong;
'E

&n addition, if the luminosity of the images 18 the prfme purpose of a given

' investigation, such a comparison will be entirely sufficient.

In class_£ying the elements by decreasing order of "emissivity", the foll_ T

ing list is obtained: A1, Be, Li, Mg, Fe, Ti, Zn, Ni, Cu, Ag, etc. To give an

order of magnitude, let us indicate thah the intensity of the A1+ ion current

4-- i x lO-_ amp and that of the Cu+s3 ions 8 x lO-11 amp, under eq_ml condition_

of p1'imarybombardment.

The bombardntentof other elements, such as carbon (graphite), silicon, or

!germanium,also excites the emission of c_racteristic ions. =t shot_ldbe

_entioned that C=+ ions are obtained on graphite ar_ that, on the other hand,

isi]icon readily yields ions of the Sl2 and oi_ type.
F,

Besides determining the intensity of the secondary ion current it is oz

linterestto define the yield of ions for each element, i.e., the ratio of the
L' $

inumber n: of secondary ions to the number no of neutral atoms which must be
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Sputtered in under to produce this nt_ber of ions. The ratio nt/no enters the
J

ultiBate resol_ng power and also enters the theory of emission. Specifically,.

• &f the ener__ydistribution of the ions could be compared with that of the
(

neutral atoms and if the variation _n the ratio nl/no with the initial energy i

" of the par_icles could be defined, we _ou!d have - for e_=h ejection velocity -i

"f_ " I

! the probability that one atom leaves the surface of the solid in tileionized i

state, i
:l : I

_<' : d. Measurement of the Ion Yield i

19 i Measuring the real value of the ratios n:/no is nob possible with our set-i
20 j I

t

_p; in fact, the real value of the number _ cannot be measured since the con- .I

_}rast'_ diaphragm eliminates aS/ ions whose "lateral energy" is higher than a i
25 f

_ertain value and s_ice the selection slit permits passage of only those ions i26 ....
!

z_...._ntained in a certain energy band. However, the number nt measured by us is

_"-Df inLe_st since it is the nt_ber of ions that effectively contribute to forms.
!
i

5_
.tionof the image.

f
i The measurements of the ratio ("_I_;_'_-_ _.o,,,,v were made with a dia_ra__Dh_n that i

_5_imits the lateral energy of the ions to 0.8 ev and with a &_lection slit that 1
I

5_passes an energy band of about 12 ev. i

,,_ I The number _ of neutral atoms is measured by sputtering a known volume of l

_ _tter. For example, it is possible to vacuum-deposit a pellet of a metal A onli
hsolid base consisting of a metal B. The diameter of this ,21let is hB!'.enles_

I
'_ _han the diameter of the field imaged bv the emission lens, so that all ions /_0i6

_:: rging from thi_ pellet are coll_:ct_d(up to the ions eliminated by the eia- 1

_,_:_ragm end by the slit). Lob OA ar,dN be the _pecific mass and the atomic il
_ _ass of the element A, and let N be Avo_adroVs number; the pellet of volune V 1
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contains %'=_
_, . ._ atoms

o

To measure the number nl, the mass spectrograph is blocked on the line Aand the ion current is measured until complete disintegration of the pellet,

which is indicated by an abrupt drop _ the ion current. The amount of elec-

tricity received in the Faraday cylinder gives the number of total ions produced

by the sputtering of a volume V of matter. This amount of electricity is sLmply

i
measured from the area of the curve representing the intensity of the ion cur-

rent as a Iunction of t_e, obtained directly by means of the recorder.
,;1 I

We made measurements of ('_'_, for two elements, copper and aluminum.

!_ The vacua--deposited pellets were of a thickness of about 5 _, and a d_eter of

10.5ram. U=der the above experimenta] conditions, we measured an ion yield of

_the order of iO-a for alum.i.n_; this yield dropped to about 5 × 10-" for

! icopper. The _pper value concerns only the number nl of Cu+ca ions but, from

the practical vie_int_ this is the only datum of interest since the _.wo iso-

" it_pes Cu_3 and Cuea hever contribute simultaneously to the formation of an

._ '_im_ge. Taking the isotope _s (29°9%) into consideration, the Cu* ion current_

_" "wouldbe i.i x ]0-I° amp. i

_ ! According to these data, it is possible to calculate that there are three
_(,

it:trees ,more copper atoms than al_LL'-.um atolr_ extracted per unit time, while the _

,,, ion ion current is _50 times weaker than that of AI From these measure-,ii
I I

_' _ents we can also deduce that ti_esputtering rate is 250 A/sec for aluminum; I

_' lunderthe same conditions of bombardment, copper wil] sputter at a rate of i

!57oilsec.
i" 1

'_1) !

' i In alloys, the phenomena are rather complex. Proportionality of the

i0_ "
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secondary emission intensity to the concentration of an element is far from

b_ing a general rule. This proportionality can be appro__mately proved for the

c_se of Ni-Cu alloys, and also is present for a AI--Cualloy _ith A% copper,

when comparing the emission of the Cu+eS ion in pure copuer ar_ in the a11oy.

Howe_er, on passin_ to a Cu-AI alloy with 5% aluminum, the Cu+e3 ion emission
Ij

is about i0 times _ore intense than on pure copper while the AI �ionemission

is on_v two times weaker than on pure aluminum.

It is not _urprising that the A1+ ion emission varies only from singlc to
i(;

double when passing to the aluminum alloy. In fact, in a Cu-AI alloy with 5%

aluminum, roughly one alun_num atom is present for every eight copper atoms.

:Ifwe assume that the sputtering rate of the alloy is of the same order of _g-

".....nitude as that of pure copper, there will be three times more atom_ extracted

I

:_ _rom the alloy than there are atoms extracted from the pure a!_min_n during the I
_(,

z

_- isame period of time. Since each ninth of the atoms leaving the alloy is an

aluminum atom, there will be only three times less alumint,n atoms extracted

_: ifromthe alloy per unit time than aluminum atoms extracted from an object made
") ;

.....bf pure aluminum. If the secondary ion yield is the same for _re aluminum as

'_ _forthe alloy, there would have to be an AI+ ion current three times less ro-
T

_ %ense in the alloy than in the aluminum. In view of the limits of the hyp_the-

_' leesestablished on the rate of sputteri_E, on the magnitude o£ secondary ion

_ield, and on the accuracy of measurement, the estimate made is acceptable.

Conversely, an increase in the Cu+ ion emission is much more difficult to undert
m

stand if the mechanism of secondary ion emission is not accurately known.
H,

' This phenomenon is not unique and occurs also in Cu-Be alloys with 2_
tb

jl rylnum berylliumatomforeaohsewn ato,)where Cu ion
iemissionis 60 times more intense than in pure copper.
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Let us also mention that the rati3 of the AS ion c1"_rentintensStv to

that of the A14 icn current is 8 × lO-s for pure aZumiuum and 6 × lO-3 for the

Cu.-AIalloy. This fact is singular since it seema to suggest the idea that the

aluminum atoms are grouped within the alloy. Howgver, it is generally admitted

that, gp to a concentration of about 8%, aluminum is complete3y miscible in

copper. So as to elimh.nate,as far as possi"_e, the hypothesis of aluminum
i

atom groupings within the alloy, two aiff_rent specimens were subjected to dif-!

ferent thermal treatments. The specimens were heated to 50C°C for 12 hrs, after

which one was cooled slowly and the other quenched.

: In addition, in the hypothesis of a perfect solution of aluminum in copper

it must be admitted that the grouping of two aluminum atoms within the AS ion

_ cannot be due to their close neighborhood within the crystal lattice but must

be due to a later association of two A1+ ions or of one A1+ ion with one neutral

'- atom. This makes it difficult to understand that one or the other of these

-_ processes _ould not be sensitive to the density of aluminum atoms existing in

the lattice and t_t the ratio A_/A1 + would not be affected by this to a

_ _greaterextent.

It is possible to formulate still another hypothesis for explaining this
J

_ :phenom_.non:The sputtered material rebounds from the electrode A and is de-

iposltedon the target. This leads to a continuous formation of a layer whic_

,w11_be much richer in aluminum than the alloy in question. As soon as formed,

_his layer is destroyed by the primary bombardment, yielding A!+ and A_ ions. !

i' If this origin of aluminum ions is considered correct, it can be understood i

hat ithe ratio A_/A1 + undergoes only a minor change, bat it could not be under_
g

!stood why t._eA1+ ion emission should be that strong. In fact, referring to the

I l i

" micrograph in Fig.26, the bars of th_ screen are black; this means that the ii
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aluminum deposit on the copper bars does not give an emission comparable to

%hat of the pure metal.

To corroborate this finding for the case of the alloy_ we investigated the

images of the alloy surface, formed by A_ and AI The objects were

prepared as follows : A screen of 25 _ mesh is plated to the polished face of a

: pellet o£ the alloy in question; copper is then vapor-deposited through this

screen. On removing the screen, small squares of copper are left on the surfac,

which align themse]ves into a screen of 25 _ mesh. On forming the AI+ and AI_

images of such an object, two identical images will be observed; the squares

?J _ppear completely dark whereas the alloy surface not covered by copper appears

light and traces a screen with light bars of 25 _ spacing. From this it can be

iconcluded that the A_ ion emission can definitely not be due to a "redeposi-
f.

-_ tion" of aluminum on the target.

! Let us note that the image formed by the Cu+es ions shows a screen whose

:' bar- are lighter than the squares separating them which, nevertheless, are

_" _ormed of pure copper; this yields a direct image of the enhancement of the :

_ -emission of copper over the alloy, i
q

For an alloy with 1% aluminum, we also found a higher copper emission of

_ itheimage, but this enhancement _s less than before. In addition, the A_ ion_

._, _till give an image despite the fact that there is not more than one aluminum
[

_tom present for each LO copper atoms; for the case of complete miscibility of

_Imninum and copper, this is difficult to _mderstand. Naturally, it would be

_ecessary to study these phenomena on a much more extensive range of alloys.

_ In conclusion, it might be stated that the laws which correlate the ion

,U !
._. ,ntensities with the composition are far from simple, at least wherever it is

' Bet a question of neighboring elements Or of isotopes; as long as such laws

]07
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will not have been derived in a rigorous form, an empirical calibration _ill be

necessary. Therefore, it is difficult at present to make definite statements

on the exact possibilities of a quantitative analysis; the situation is some-

what similar to that obtained in light spectrography where the use of an empiriT

cal standardization by means of control alloys, having a composition close to

that of the experimental alloy, is practically indispensable.

5. Composite Materials

Up to now, we investigated only a few compounds, mainly alkali metal

halides and oxides.

A]_%li metal halides give an intense emission of the metallic ion. Thus,

the chlorides of sodium and potassium and the fluoride of lithium emit, re-

_ spectively, Na+, K_, and Li+ ions; for e_imple, the Na+ ion current is of the

_ order of microamperes. An emission of CI" and _ ions also takes place.

In iron oxides and copper oxides we observed the emission of 0 O_

ions. In addition, the emission of the metallic ion is more intense in the

Cu*8 -_oxide than in the pure metal. Thus, the . ion current is about I0 thDes

more intense in the CuO oxide than in pure copper. Since this is probably due

" to the "icn character" of the bond in the oxides, it must be expected that an

iemissionof O- ions takes place; actually, this has been found to be the c_se.

We should also mention the existence of molecular ions of the type (MO)+, forme_
J

_by the association of an o_gen atom and an atom M of the oxidized metal, i

_ Let us mention also that a speclmen of aluminum, containing nitrides, will,

iyield_ ions.

_'_ The statements made above on the subject of alloys as to the possibilities

': !ofa quantitative analysis apply even more to this particular case. This

I08
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shouSd suggest a certain caution in the interpretation of the images. Never-

theless, the dependence of the ion emission on the chemical bonds might, in

some cases, yield data on the structure of a given compound.

6. Identification of Elements

• The filtering produc_ oy the magnetic field extends only to the specific

charge of the ion, i.e., to the charge-mass ratio. Ions of differing nature

_ but having the same specific charge will pass together through the selection

' _lit and will _ield superposed distribution images. This raises the question
!.

:_ as to the possibility of some confusion resulting from this.

: Considering only the simple ions corresponding to all isotc;*s cf the ele-

_ ments in the Peric_lic Table, the apparatus wi_ give about 2130 different

_, "answers"; because of the fact that each ion i_ "ci::.acterized only by its mass,

-- _his information is insufficient for identifyingo .'_thout ri_i( of error, all

c, iionsthat a given alloy is able to emit.

': _ In fact, different elements may have isotopes of the 3...... s. For
_2

"_ '._:x_ple, in the case of nickel or of iron, the mass 58 can 'oe produced either

I Ni 8 Fe+S8
'_ _y the ions or by the ions. However, if Ni are involved,

"- _n identical image must be obtained _..th the mass 60 since its intensity is re-

'_ guced merely by a factor of about 2.5 (naturally, this means that no isotope

i_, _eparat!on takes place within the specimen). If iron is involved, the image
I
L

'" _de by ions of mass 60 will not appear. The indeterminacy , _n most of the

:" ',cases, could thus be resolved by a control feint.ire to the isotopes°

' However, the main difficulties are p_duced by the presence of moi_cular

:' iions and of mu?&iply charged ions. The molecular ions introduce a series of

•' _sses which are superposed to those of the simple ions; multiply charged ions,
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depending on the cases involved, nBy yield a]ready existing masses or "fraction-

al _asses". For example, magnesium gives rise to the _ass series 12, 12.5, 13

(doubly charged iona): 2_, _5, 26 (simple ions), A8, &9, 50, 5], 52 (molecular

ions formed of two atoms). Thus, the research on carbon in the presence of

magnesium will be especially difficult since carbon gives the mass serie_ 12,

13 (simple ions) and 24, 25, 26 (molecular ions formed of two atoms). However,

even in such an unfavorable case it will always be possible to compare the

masses 12.5 and _8 so as to confirm the distribution of magnesium which, fo.-

the two masses, should present identical images. If the magnesium and carbon

are not associated, a comparison of the distribution image of magnesium with

one of'the images in which the distributions of magnesium and carbon are super-

" _posedwill make it possible to define the distr'.butionof the carbon. If the

" carbon and magnesium are associated, other factor.:may be in question for

:facilitatingthe investigation, such as the presence of molecular ions "._hich

_eflect the nature of this association, or the increase or decre_.o_in the

emission of one or the other of the two elements depending on the character of

the bond. Finally, if the carbon and magnesium are uniformly distributed one

_linthe other, the distribution images will show a "flat shading". As a final

measure, it is also possible to verify the intensity ratios between the masses

.: i12,12.5, and 13 or between the masses 24, 25, and 26 corresponding to the iso-

: _topeabundance ratios of magnesium, and th_ possibly re-estab3ish the connec-J
I

!tionby deduction, which would return again to carbon. This entirely theoreti-

c. cal e_.mple shows the difficulty encountered b2 the analysis in certain cases

!whichare, of course, more or less unfavorable. Speaking generally, the exlsh-

fenceof molecular ions and multiply charged ions will introduce a certain _m-

...=.___:into the analysis, a complexity which has obvious drawbacks but which

I
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also may yield valuable data. No matter what the case may be, tho presence of

isotopes, far from constituting a disadvantage, seems a highly beneficial phe-

nomenon because of the fact that it permits a considerable increase in the

number of distinct "answers" obtainable from the instrument,used.

_' ,7.Negative Ions

The number of responses furnished by the instrument can be f_ther in-

creased by forming distribution images with the negative ions enLittedby the

;target..The fact that, until now, we have used only positive ions is basically!

"_ idue to the finding that the characteristic emission of metals takes place in

: :accordancewith this mode. However, the alkali metal Imlides and the metal,4

_" _xides have shown already that the emission of negative ions may also be charac.
2 i

"" iteristicfor the constituents of the object. The results obtained by various

Nuthors (Bibl.15, 29, 31, 32, 33) indicate that numerous "parasite peaks" must

_' _e expected. Specifically, the images of wires and screens obtained by Bernard

,i and _:_utte (Bibl.29) seemed to indicate that these spikes are due to organic

_' _vaporsabsorbed at the surface of the target and to surface reactions with the

:' residual gas 3n the vacuum enclosure.

Otherwise, from the optical viewpoint, the use of negative ions for forming

"" _:he image of the surface presents some difficulties, which are due to the fact

_hat the conversion of the optical image into an electron image does not pro-

#eed under the same advantages as in the case of positive ions. In fact, the

:_nverter cathode is of necessity negative_7 polarized so as to repel th_

_econdary ions produced by th_ impact of ions, which means that positive ions

re attracted by this cathode whereas negative ions are repelled, The negative
i

ions _dll reach the cathode only if their energy is sufficient, which shows the

Lll
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necessity of strong postacce!eration after their passage through the prism. In l

addition, the image formed by these ions on the cathode is dilated instead of

being ex_ntracted, as had been the ease for positive ions. This means that t,.e

pincushion distortion of the lens system in front of the converter and that

given by the converter itself on the electron image, are no longer compensated ,

by the barrel distortion of the ion i2age produced by the contraction; quite the;

.contrary, a pincushion distortion produced by the dilatation of the image is

'" _dded to this.

'' a. Experimental Setup

To change from a "positive" setup to a "negative" setup, it is necessa_j -

" On the side of the "object part" - to reverse the polarities applied to the

'_ _rget and to the central electrode of the emission lens as well as to reverse

'-- _he sense of the r0agnetic field. Since the positive prima W ions are attracted

' bY the target, no iilur_nation difficulty exists. The object merely is n_ved

' away from the electrode A until the beam reaches the center of the imaged field!

The distance A thus increases, leading to a weakening of the extracting field

and to an increase in distance between virtual image and crossover. By adjust-

i

ling the excitation of the emission lens, focusing will still be possible but the

" _eal crossover C, namely, the image of the _irtual crossover Co, no longer willH [. I
i

b e exactly at the level o_ the contrast diaphragm; this affects the filtering L._3.

" _y the diaphragm, a}.thoughthis fi1%ering still remains sufficiently within the
I

_:,'_._nits_of our goal whlch is to obtain several images giving a general view over

_he possibilit!as of ana]ysis offered by the use of negative ions. Le',_,_men-
J

,tionalso that the object is brought to a potential of -5 kv which causes the

primary ions to arrive at the target with an energy of 15 Key, i.e., slightly
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more than mouble the potential they have when the target is positive]7 _x_larized.

On the side of the "_ge part": the tube H, which fixes the potential of '

:postacce]erationfor accelera_Ing the negative ions, must be positively l_._r- :

1
ized. The difference in potential between the converter cathode and the tube Hi

will give the energy of the electrons that form the final image. We have indi-I

cated above that it is important to have this energy be of the order of several l
.:

_,erk_ of kiloelectron-volts. However, if it is desired that the negative ions
1

_ reach the cathode, the potential of the latter must not be below the "take-off"

_" potential of the ions. It even i8 necessary that the potential of the cathode
i

" be positive so that the ions will arrive at this cathode with a sufficient

'_ _nergy and that the image will not suffer too strong a dilatation. From all

_" %his it follows that the l'_'_tent4._a_l to which the tube H is brought must be, in
't

" absolute value, much greater than in the case of postacceleration of positive

_- _&or_. Si.ucethe aPI_ratus had been designed only for the utilization of posi-

" _ive ions, the insulation of the tube H is insufficient. In addition, we had

" available only a rectified positive high voltage, filtered but not stabilized.

• i

llnder these condi_,lons we were able to make only a few tests with the tube H

_ !polarized at 19 kv and the converter cathocle polarized at 2 - 3 kv. Thus, the
:,(I I

• _egative ions arrive at the cathode driven at 7 - 8 Kev, while the electrons ar_

accelerated at a tx_tential difference of 17 - ]6 kv. The central electrode of
i

_he projection lena is polarized between-4 and -5 kv.

b. Focusin_ of the Ion Image

The focusing is done in the same manner as for the positive ions: The

achromatic pl2ne is defined by varying the excitation of the projection l_ns ar_

%he focusing of the emission lens. The setting is further refined by slightly
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W-aryingthe magnetic field until an image insensitive to this variation is ob-

tained. Finally, the focussingof the converter and the correction of astigma-

tism are played in.

The investigated object is a copp_r screen of 25 _ mesh, pressed into an

aluminum b]ock which is slightly pre-oxidized. The i_age is observed by means

of 0-16 ions. After the natural ox4de film on the copper is re_nved, the scree_

will appear dark on a light _ckground, due to the emission of 0-le ions by the _

alun_n,_.. This _kes it possible to measure the fi1_l magnification and to

follow the course of the distortion. We found that the pincushion distortion

is so ]ow as not to interfere to any noticeable ex%.ent.

c. Results

We investigated iron, copper, and aluminum o_ides and verified that they

all enact0"le ions. The micrograph in Fig.a (Plate III) was obtained with 0-Is

ions on a copper specimen, containing small islets of Cu_O oxide. The image is
I

ilackingin contrast since the copper matrix contains oxide pits and also since

' an emission of ions of mass 16 takes place which apparently uniformly coat all

investigated specimens. We made no specific _5udies for determining the exact

origin of this emission. It is well possible that it is produced by a depcsi-

%ion of the gaseous phase on the object surface, a coating which is constantly

_eing destroy_a by the bombardment, yielding ions of the 0-, (C_)-, or (NH_)-

type; the emission may also be due to a surface oxidation by the oxygen con-

_.%inedin the residual gas. By letting the vacuum degrade on the object side,

we found that the extent of this emission increases, which seems to indicate

ihat a _acuum of i0-s mm Hg is !ossibly not sufficient for surfaqe inves_iga-

%ions with **_6_i_e _.....J.%JAA_ •
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If the object consist.qof an ionic com_und, it must be e._pected,as demon°

,stratedabove, that an intense emiseion of negative ions takes olace. For ex-

ample, let us depo.it, on the polished face of a stainle_ steel pellet, a drop

• of sodium ch]or__desolution. After =._,_._._._ ��|solvent, a deposit of salt

'_ will remain; this deposit must be suificiently diluted so that the electric

icbmrges can be dissipated since sodium chloride is an insulator. The micro-

," :'graphin Fig.b (Plate III) shows the iresfieobtained with C1-36 ions on such an

,_ object. Similar images are obtained w_th Br- and F- ions on potassiu_ bromide

" and on lithilm fluoride. These images are very luminous so that the exposure

'_ :timefor photographing them from outside is of the order of only 1 - 2 sec. Inl

" addition, since the deposit is quite thin, the progress of sputtering can be

2_ _followedon the progressive disappearance of the image.

_ ! Thes_ few experiments sho. that it is possible to obtain distribution

'_ ilmageswith negative ions, without changin_ the optics cf the apparatLm. This ;
T

_v _ay be of interest for aralyzing certain consAituents which readily yield nega-i

_ itive ions. However, a slightly more detailed study will be necossary for acccut

_- iratelydefining the portion of the emission which is to be attributed bo char-

_ iacteristicions _nd, so far as possible, to obtain conditions under which the

_ .cross,onof "parasite spikes" is suppressed or at leas+ very much attenuated.

_ lln addition, the observation of images obtained from insulators creates an in-

' icentive for a more detailed study of this important problem. I

,, I_. Insulo ,_r_

._study of insulating materials encounters two types of difficulties: The!

_' surface of a glwn insulator _s not necessarily equipotential so that the elec-_

tric charges cannot be dissi_edo This results in the fact that the potential!hi
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of secondary ion emission is not well defined and will vary. with time, which

will result in a disappearance of the image; in addition, the accumu]atior, of

c_rges will result in b1'eaKdowns.

By suitably arranging conductors with fixed potential in the vicinity of

the insulator, it is possible to render the surface from which the secondary

ions are en/tted equipotential. For e_mp]e: by giving the insu]Rting material

the shape of a foil with parallel faces and by placing this foil on one of the

armatures of a Diane capacitor, the faces of this foil will coincide with a

plane equipotentiai surface. Consequently, if an insulat'ng foil is plated to

the plane face of the electrode M, the face of the insulator parallel to the

electrode A will be equipotential. Let a be the thickness of the foil, ¢ its

relative dielectric constant, and 6 the distance of the free surface of the in-

sulator from the electrode A, with M being brought to a potential V, so tb_t
_:. |

the leaving potential of the secondary ions will be e :" . However, in
i+tA.4

such an arrangement, dissipation of the charges is not fully ensured and the

arrival as well as the departure, of charged particles will balance only by

chance_ which means that the indicated distribution of the potential will be

' perturbed by the presence of static cnarges.

' _ Depending on the polarization of the object, the retained charges will be
•

' either positive or negative. If the object is positively polarized, it will i

1

iatbract the secondary electrons produced mainly on the electrode A by the impact

" iof secondary ions and of primary ions diffused by the target. Some of the

i

iprimary ions may enter the crystal lattice of the insulator and, since their

;Ipenetra_ion is quite shallow, will form a p_actically superficial layer. In
i

:' Ithis case, an equilibrium state must be expected in which, as the sputtering

_ ip'ogresses, a layer of Fositive charges is continuously destroyed and reconsti-;

I.]6
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tuted. If the object is negatively polarized, it will retain the positive

charges, which means that the positive ions of the bombardment _Ii accumulate;

in addition, since the negative ions and the secondary electrons are repelled,

the positive charge of the object will only increase at the point where the

pr_mary beam strikes. Consequent;y, it can be predicted that a m_gration of

the ion charges will take place, accompanied by a variation in the leaving

potential and by breakdowrm.

- No matter whether positive or negative secondary ions are involved, it

seems obvious that the static charges accumulating on the object make an obser-

vation of the image rather diffi_t. To keep the distribution of the potential

:_ from being influenced by the presence of these charges, it is necessary to ob-

'_ itain either their neutralization or their dissipation.

_ a. Premaration of the Ob,iect

It is difficult to apply here the .methodused in electron-probe micro-

,_ .analyzers,which consists in depositing & continuous metal layer on the insu-

_ ila ¬fact, the negligible penetration depth of the ions into the material

,_ _wou!d prevent the _rimary ions from reaching the target and, a fo_tlori, the

"_ isecondary ions from leaving the target. Consequently, the deposited layer _t_

_'_ ihave gaps which leave some areas of the ins_.,latorfree of coating, which then i

fare exactly the regions which will be imaged. _bwever, these gaps must have
i

!sufficiently small dimensions to have the potential vary only little from one i

ipoint to the other oa tho _n_u_ating surface not covered by the metal layer.

q_Inaddition, the metal coat__ngdeposited on the plane and polished surface of i

"' Ithe insulator must be provided w_th identical gaps, so that the observation of

"_" ileach individua_ islet can proceed tu_er equal condi ns. Thus, the simplest
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way is to deposit a metal screen, fo._ne_of crossed continuous wires or sim_ply

of parallel wires. To ensure as satisfactmry an e]ectric contact as possible,

the insulator is enclozed in a pellet of Wood's alloy; one of the faces of the

pellet is in the same plane as the polished surface o_ the ir_ulauor to be in-

vestigated. The next step is to vacuum-deposit an a!umimzT,layer of a thickness

of several microns over the entire surface of the specimen, using a masl:to keep

a region of 8 _ diameter on the instQating surface free of coating. The screen

is obtained by vacuum-depositing aluminum through a mask formed of parallel

wires. To obtain a screen of crossed wires it is sufficient to apply Lwo suc-

cessive coatings, with the direction of t_.ewires in the second vaoorization

being at 90° to the first _porization. By changing the diameter of the ,ires

and their spacing, the width of the bars and the mesh of the aluminum screen

deposited on the insu/ator can be varied. In general, we used screens of 0.08 ram.

mesh, C.03 mm width of the bars, and several microns thickness. The aluminum

wires are sufficiently extended to come into contact with the oreceding vapor

depo=ition, so that each wire is _rect_ly connected to the conducting support.

Aluminum was selected because of its low sputtering rate, In addition, to avoid

any break in electric contsct, the region in which the insu/ator is linked to

the metal support is coated with a conducting silvering before vaporization.

....The pellet prepared in this manner is _hen covered with a copper sheet of 9

thickness, pierced by a hole of 3 _n diameter; the entire unit is placed into an

_bject support identical to those used for conducting specimens. The role playe_

by the copper sheet is mainly that of partially eliminating the secondary elec-
,( I

irons coming from the electrode A. Let us mention that, for limiting_"he bom-

Ira.triedarea and for decreasing the magnitude of secondary pher_merm, including

the emission of seco_lary electrons, a di._phragm,of O. 5 mm diameter is placed a%
! i
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the exit of the channel Ca by which the primary ion beam arrives. This does

result in a decrease in the density of ions arriving at the target, but this

density is still sufficient to give i_ages of adequat_ i_[nosity.

b. Observation of the Images

The images observed by us were formed by positive ions. As long as the

wires of the screen are not destroyed by the sputtering, the i,rageremains

stable, the breakdowns are rather infrequent, and all adjustments that can be /AS

made with conducting objects (adjustment of achromatism and stigmatism) can be

also made with insulating objects. The micrograph (Fig.d, Plate III), taken

with Mg+a4 ions on a calcareous specimen, indicates a_::_adythat the quality of

the zmages is not too greatly affected by the treatment to which the object had

< been subjected (the black hands corr.._spondto the aluminum bars vapor-deposited
J.

- on the object, with the screen being formed here by parallel wires).

_' The fact that an image of the insulating surface is obtained and that this

_: image i._more or less normally ill_minated indicates that the leaving potential

' of the secondary ions is practically the same at any point of the observed

_' ,field. Nevertbele&s, there is a _ssibility that a potential difference exists

_ between insulator and conducting screen. To define this, the A1+ ions can be

") _ed for successively forn_ng the [mage of the screen and the image of the free

' surfaces of the underlying insulator (naturally, provided that the latter con-

_: _ains al_linum). If these two images are obtained without changing the setting
1

" Of the magnetic spectrograph, it _uld mean that the leaving potential of the

or_ is practically the same on both metal and insulator. Conversely, if the

magnitude of the _agnetic induction must be el%her decreased or increased in

' _rder to "recover" the image of the insulator, it is obvious that its potential
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is either weaker or stronger than that of the screen. Working in this manner,

we found that the leaving potential of the ions on the insulator could be higher

by sev,.,raltens cf volts. This seezu_to indicate t_at the charge remaining on

the object is positive. However, it could also be i_agined that the maximum of

energy distribution of the ion emission by the insulator is shifted toward high

energies. Let us mention that, for explaining the observed pattern, this _xi-

mum _o-a]dhave to be extremely high since the -_ontrastdiaphragm,e]iminates many

Fig.26

Of the fast ions. In addition, even after some of the bars of the screen have

disintegrated, an image whose fie_d is crossed by a light-colored )and can still

be observed for a certain time. _ displacing the object, it will be found tha_

this band is "linked" to it; in addition, on modifying the excitation of the

_pectrograph this band will shift. All this seems to indicate t_t this particu-

lar pattern might be due to the fact that the potential is no longer sufficientN
i

iy uniform over the observed region; to each excitation of the spectrograph the_
; !

" porresponds a _ertain energy banl. This tends to indicate that it is much morel

_ikely that the line shift is produced by charges r_maining on the object rathe@

than by a displacement of the emission max_imur..To corroborate this finding, it

Would be of interest to bombard bhe target with neutral particles or even with i
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negative ions. Let us mention finally t_t the line _hift is slight. Thus, on

the image (Fig.c, Plate VI) taken-with A1+ io_a and a granite specimen, at a

given value of magnetic induction, it is possible to see simultaneously the

image of the screen and t_e image of aluminum 6istribution in the ins,tlator.

By slignt!y reducing the magnetic induction to below this _zlue, the image o5

the screen wi±l become somewhat more luminous while the image of the aluminum

distribution will be stumoed; the opposite pattern is observed by slightly in-

creasing the induction. This minor line shift genera]!y does not increase the

difficulty of identifying the elements.

_' From these experiments, it can be concluded that the potential of the objec,t

is automati,'_ilyfixed to a constant value "whichis almost uniform over the

entire imaged surface of the insulator. However, the i:mulating object retains

positive charges so that a portion of these charges is necessarily neutralized

by the arri_l of electrons. Since it has been found that the image can no

longer be observed if the screen is disintegrated by the primary bombardment of

the surface of the imaged field, these electrons presumably orig4nate in the

screen from which they are extracted by the impact of primary ions. The ques-

'_ tion to be solved is that of the _nner in which these electrons, repelled by
T

"_ %he field Fo which accelerates the positive secondary ions, are able to reach

"' _theinsulating zones. For this, let us consider the ,distributionof equipotent_-

i surfaces between the electrode A and the object M: This distribution affects

;_heform sketched in Fig.26 where the black rectangles represent th. _utersec- :

_ion of the wires of the screen by the plane of the figure. The positive i

hharges present on the insulator "repel" for example the equipotential + V i

_ _hich, because of this fact, presents a prominence or hump each time it comes !
-%

to ]ie above an insulating region. On an increase in the charg_ carried by the I
l

12l
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insulator, the hump of the equipotential expands into a moulge" (shown as a _4_

broken line in Fi_.26) which runs along the top of the screen bars. The region

located at the interior of such a bulge is at a potential higher than that of

the screen bars, so that secondary electrons are emitted by the bars '_hichare

drained toward the insulating regions. This indicates t_mt a state of equili-

brium may be established at which the positive charges a:'epartly neutralized,

so that the potential remains approTim__teiyconstant. In addition, since the

electrons are more_attracted by regicns which have accumulated slightly more

positive charges, the potential of the insulating surface will be almost uni-

form.

Making use of this method of preparation, we iuvestigatad objects composed

of various specimens of natural rock: a limestone, a granite, and a complex

phosphate known a_ amblygonite. A detailed e_xamin_tionof the micrographs with

these various specimens will be the subject of the next Chapter.

Let us note that our method definitely can be exte,nde_to an investigation

of insulators by means of negative ions. We mentioned in the preceding Section

that we had obtained images with C1- ions on an object of sodium chloride. The

preTaration of the object in this case is somewhat s_nnilarto that discussed

bel,_w. In fact, it can be stated that the conductor used as uupport for tz,e

thlnly deposited salt plays th_ same role as the aluminum screen. However, this!

role is somewhat less significant in the case of a screen since it is Lmpossible
i

$o expect the same re_Jlarity in the di,stributionof conducting surfaces. Thus 'i

E _: soon as the conglome_-atesof insulators become of too widely differing size,

the charge of the individual couglomerate,,1no longer is close a.ndthe leaving
I

potentials will change; it never happens that all the islets can be illuminated

_ogether at and the of the
one same adjustment spectrograph.
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CHAFTER IV

FIELD (_ APPLICATION

The ma_n drawback of t_is method of analysis is the diff_culty of quantita-

tive interpretation of the resui_s. However, in many cases, this drawback

probably is of a teml_rary nature, since it is chiefly due to a lack of data on'.
T

the phenomenon of secondary emission of characteristic ions. The setup developed

by ,as offers a means of investigation which is particularly sensitive and of f i-"

cient since it permits to "see" directly what might happen on the surface of the

tx_rr/bar._led object. Consequently, the instrument can be used for two complement-

_:_ ary purl_ses of which the first, combined with a measurement of the ion current_,

eoncern._ the study of the emission itself while the second exploits the existing

-_ tx_s.5_bilities of semiquantitative analysis.

I. Contribution t_ the Study of SecondaW Ion Emission
h

a. Iden,'.ifieation of the Ions
J_

,i

The distribution images frequently offer a valuable aid for _tudying the

emission of secondary ions. Particularly, tho research on the identity of the

_ons which is often rendered quite complex by the presence of molecular ions,

i', by multip]_ charged ions, or by .'tJffused pr:brary atoms, is facilitated by ob-

_ _erving the corresponding images of the object surface. To give an example,

_ recordings of the se,ondaw ion current frequently show a spike for the mass

_0, whose slope on tn_ side of higher masses is quite peculiar and not always

_eproducible. 3ince the specimen is bombarded by argon ions, the course of the

i', I

= t'eco_ing was attributed to the dkffu_ion of thes_ tons. The ob_e_ed _ges

.,. ;..r.[th ions of mass I_O ahow brilliant _ints against a much paler background,
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which give_ a highly complex aspect to the di['fusionof argon ions. Later, we

found that the appearance of these brilliant points depends on the preparation

of the soec_en and that they will disappear when electro]ytica_ly polished

objects are used. It is quite like!/ t}at tht_origin of these points lies in

the emission of (Si - C)+ ions, produced by carborundum particles included in

the object during polishing. A check test with respect to the isotopes is

rather difficult here since the isotopes 29 and 30 of silicon are present only

in low concentration and since the images are swamped in the continuous back-

ground of the diffusion of ,%rgon(this could be remedied by bombarding w-_thion_

of another rare gas).

": b. Elements in Low Concentration

A low-concentration element in a given specimen may produce a more or less

intense erLissionof secondary ions, depending on whether this element is dis-

solved in the object or conglomerated in precipitates (for example, effect of

the cupro-al,_,v4n;_Natrix). Since the distribution image gives the local con-

-' icentrationof the e!e_ent, it is easy to differentiate one case from the other,

_" naturally _dthin the resolving powe_ of the apparatus. In addition, if the ele_

ment is cong]omerated in precipitates, th_ concentration of emission in a few

ipointsrather facilitates its investigation although the overall intensity of /l_

_he ion current may be low. Let us imapine that the overall emission over an

area of 0.5 r,_ndiameter, of an element in the solid sba'ceis I0"I° amp and that
q

a precipitate of 5 _ diameter, immersed in another element, wi]] emit a _&a]

current oC lO-14 amp. Despit_ the fact that it is easy to measure, this current

' _ay be overlooked in compiling the llst of emitted ions. Similar]y, a control

th respect to the isotopes is quite easy since, on passing from one isobope
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to the other, the image remains the same.

If an ele_,entof low concentration enters an ionic con_bin';_ion,its emis-

sion i_ e_nced and its investigation is correspondingly facilitated. Thus,

_n a casting containing 0.5% of nBnganese, we observed several precipitates of

manganese su__fide. In addition, an image formed with ne_ative S-us ions is ob-

Served.

c..Tnfluence of the Chemical Bond

Generally speaking, the presence of a given element in a chemical bo_d is

visually displayed on the image obtained with the characteristic ions of this

element. Obviously, the measuring of the seconda_/ ion current is insvfficient

since it only _rmits defi_-ng the variations in intensity from one islet to

_he other or from one specimen _o the other, without the poss__bilityof detect-

%ng the accurate cause. A striking example is that of a solid copper object
I ° i

fontaining nodules of copper oxide Cu_O _hos_ image is given ou the micrograN'l i

of Fig.c (Plate III), taken _ith Cu+sa ions. The regions where the copper has [

_ntered into chemical combination _lth the oxygen show up as light st_ts despite

_he fact that the concentration of copper is quite lo_qthere; in addition, smal5
I
I

_. specks of oxide appear in the copper natrix. We would like to mention that the

_' &mages obtained with 0+ and O- would be of great assistance in identifying the

"_ bx.idizad regions in cases that are less complex than that given here. We en-
i

countered a similar case with an iron specimen which showed a few islets of

oxide.
, !

t

: 12.Semi_uantitative Analysis
H

_ a.N.etallic A] loy-a

The micrographs in Plate IV, obtained wLth an AI-Mg-SI crude foundry alloy

125

_,mp'qNmm,--

1965020126-127



give a genera] view over the possJbilitles of semiqlmntitative analysis. These

micrographs correspond to the distribution of magnesium, aluminum, and silicon.

The image of silicon clearly shows the pre3ence of a _ma:L1Flate of _ire silicon

and polygonal precipita+,e_of a ph_s_ ;_oq _eh i_ silicon. The magnesium _ge

shows a difference of intensity in the "blacks"; the placement of the silicon

platelet concea]s no visible trace of mmgnesium whereas the al'_'_inummatl.ix

seems to contain a s_ll m,ount of it. b_ortmnateTy_ these differences which
L

can be seen with the naked eye c_nnot be photographed from outside because of

the excessively ]ong exposure times that would be needed. Let us inc.,Lioninci-

dentally that the magnesium, aluminum, and silicon images are obtained with
i

i

: exposure times of 2, 0.5, and lO sec, respectively. Since a small part(abou_

l_) of the light emitted by the fluorescent screen is used f_r producing an !
i

image on the film, it is logical that a substantial gain in scnsitivi_y could be_

Obtained by d_rectly reproducing the electron image on a photographic plate.

This would make it possible to distinguish minor variations in intensity cr els_

to reduce the exposure time or the syuttering rate.

A comparison of images of this _ype with those obtained by scanning with am

electron-probe micrca_alyzer proves that the local variations in eJncentration

of the varlous elements are quite faithfully represented by the var_ati.ns in

;localillumination of the image; in fact, neighbored elements are iu,_o]ved,i,

here for which the intensity _? secondary ion enn_ion varies roughly as the

_concentrationof the elements.. Naturally, numerous cases e_is_ in which the

fact that the emission is not proportional to the concentration will i_terfere

'considerably. N_vertheless, a distribution image indicates the ]ocal presence

bf a _iven element and, in this sense, always will have the value of a qualita-

:tivemicroaralysis. On the other hand, since the emission of this eloment is

__26
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influenced only by the presence of other el_ments, a comparison of the images

obtained for the various constituents will yield useful data on the combinations

of which they form.part. Such _ st1_y also is worth being simultaneously con-

ducted by.both ion microanalysis and X-ray microanalysis.

b. LiKht Elements

One of the &dvantages of our me.thodof araiysis is the fact t_hatit is

equally suitable for light .elementssuch as lithium, bery]lium, boron, carbon,

nitrogen, oxygen, etc. for which the electron-probe microanalyzer is quite dif-

ficult to use or may ever,be completely use!e_s. To give an examp]e of the

analysis of ox_¢gen,we could mention the case of a specimen contair/ng copper

: oxide nodules where the image formed by the 0-Is ions (Fig.a, P]ate III) repre-

:_ sents the o_gen distribution. One can also expect further improvements in the

image recording device which _uld permit obtaining a m2crograph with 0+Is ions
Z_

It is highly probable that the emission of oxyo'enior-_by various oxides of a

metal will differ so that it would become possible to distinguish one type of

" oxide from another. No rotter how this might be, a comps/'isonof the Images
: t

_ given by metallic ions and by oxygen ions already permits an identification of

- the presence of oxides without difficulty.

' Without making a systematic study o1'a particular case, we _nvestigated

4thor specimens. The micrographs given in Plate V (Fig.c, a, b) show, respec-

_ _ly, an image obtained with B+ll ions and two images pi_duced with Fe+as ions

__"an iron speci,_.enof crude ca_ting, containing 0.2% of boron and 0.5% of _8

_rbon.

_ The image in Fig.a _Plate V) wa_ t&ken with an exposur._time three times
4

longer tfan th'_tused for the image in Fig.b (Plate V) (L sec exposure) to
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demonstrate the intensification of the e_ission of iron. This er_ancement coin-

cides with the distribution image of boron, which seems to indicate t|_t iron

ar_ boron enter in the same chemical comblretion. In addition, on changing to

negative ions, analogous lattices can be seen on the i_ages fol_ed by C-Is and

C-s_ ions- consequently, the three elements boron, carbon, and iron are associ-

ated, probably involving an iron borocarbide.

We can a]so mention images obser__" on a casting with C+ and C- icns, which

per_dt a localization o£ _._.ohi_e filaments. The i_ages fonnud by the C- and

ions are .m_re 1_umino_usthan the±r homologs Ln pcsitive ions but, under the

_lightly precarious conditiorm of work, it is rather difficult to _hotograph

these from outside the equipment. The emission of carbon on graphite also does

not euthcrize us to state t_t the presence of carbon is always detectable.

Th'as, we were unable to observe an image of pearlitic precipitates which this

casting contained. In this particular case, if it is not a question of lumi-

nosity, it is possible that this phenomenon is due to the characT_r of the bor_

in the zementite. The emission of carbon compounds poses a problem which it

"" would be interest_n_ _o solve. We also observed an image formed by _ ions on

an aluminum specimen containing nitrides of polygonal forms.

The light elements are frequently encountered among the constituents of

lat_ral rocks; in the follo%ing Section we will give a few application p____.ples_

[

c. Insulators

The possibility of observing images on insulators permits an extension of

_he method of analysis by secondary ion emission to all solids. Among insulatir_i

_terials, natu_'a_ rocks because of the variety of elements they enclose, are

the speci_:ons of choice, disr_gardin_ even 5he intrinsic interest t_hat their
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J__vestigationmight offer. T.hreetypes of object: were examined: a limestone,

a granite, and an ambly_onite.

The first of these is compo_d of calcium carbonate containing various in-

clu3ions, among others a hydrated magnesium silicate (talc). Since the borzs i_

these compounds rather have an ion character, the emission of various iota is

quite int.e7-e.-We have observed and photographed images giving the distributio_

of calcium, silicon, aluminum, magnesium, etc. Other images are visible (some

of these even very i_.tense)which co-respond to the rather numerous impurities

in this type of specimen. Occasionally, the _nclusions of talc surround the

grains of calcite and, since the presence of such inclusions involves a lack of

calcium on the image made with Ca+ ic:,_,the polygonal intersection of the

rhombohedrons of calcite by the plane of the surface shows light on a dark back-

-" ground. Conversely, on the images cf silicon and magnesia'm,for example, these

'- grains show up dark.

With respect to the granite object, let us recall that this rock is basic-

ally composed of three constituents: quartz, feldspath, and _ca. The quartz

_ is the crystallized form of the silicon or_de SiOa; the feldspath and _he mica
: !

are two complex aluminosilicates. In the investigated specimen, the mica is a

" llbhini1erous compound known under the name of lepidolite; what di3tinguishes

_ here the two types of aluminosilicate from the point of view of the chemical

_omposition is the presence of lithium in the mica. The micrographs (Fig.a, b,

': _, d, ei f, Plates VI and VII) give, respectively, the distribution of lithium,

_odium, aluminum, silicon, potassium, and calcium. A comparison of Figs.c and 4

�ions,showsthat the light islet

_; _n Fig.d appears black in Fig.c; consequently, this spot consists of quartz

'! Whereas the darker part belongs to an aiuminosilicate. F_gure a, formed with
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Li*_ ions, indicates that a mica is involved here. The cations of the alumino-

silicate are lithium, sodium, and potassium but it can be seen that both sodium

and lithium have a tendency to be mutu_lly _xclusive. The black and parallel

lines which appear on the first five photos are occupied by a calcium compound

as shown _n the last micrograph; probably a carbonate is involved here. On the

aluminum image, the presence of the _.por_zed screen is clearly seen, which

appears in black on the other images (since several wires of the screen, used.as

mask during the vaporization, had accidentally conglomerated, the vaporized

screen shows a slightly larger mesh at some spots than had been indicated in

' Chapter I]i). Finally, in other regions of this same _pecimen, islets of fe!d-

spath _nd of mica cc_Id be d_ferent-Aated by means uf the lithi_ distribution

image.

Quite a number of other images can be observed on t_is specimen, produced

- by low-(-nrcentrationelements, molecular ions, or possibly by elements that

_ yield only few positive ions. Thus, an image made by O �|can be ¢_s_rved

" indicating that these ions are emitted _th a gre_ter intensity on quartz than

2\

on aluminosilicates.

_ The last specimen investigated consisted of amblygonite which is a comp]e×
-:

]. phosphate in which lithium, sodium, and aluminum oxides are associated. The

_mages given by the Li+v Na 4!, , and are very luminous. The regions wher_

lithium and sodium are present are clearly defined. In addition, metallic im-

purities such as copper are clearly visible.

'/ 3. Other Applications /1.9

t

The ion source which is constituted by the unit of the emission objective,

i__ _uggests other applications which will not always require th_ use of distribu-
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tion images.

a. Analysis o£ Surface Layers

If no precise localization in the plane of the surface is requi_ed, the

' ionic scouring of a few atomic layers wil3 yield a secondary ion current,of

sufficient inte_ity to be measured easily. In fact_ consider the highly un-

:" favorable ease of a body whose ion yield is of the order of lO-7 . In itself,
!

._ the measurement of a current of the order of 10-14 amp presents no particular
:f

• difficulty. However, this current transports 6.25 x i04 ions per second; for
_.

producing such a current it is necessary to sputter 6.25 x i_ I particles per

: second. Since the mean density of a solid is of the order of I011 particles pe_
-2

:" _, it is necessary to sputter a volume of .m_tterof about 6 s to _rod_'cea

-_ _rrent of lO-1. amp. On an area of 0.2 _ diameter, this volume represents a

:_ _yer of matter of about 20 A thickness. The resolving power "in depth" thus

) is infinitely superior to that of the electron-probe microanalyzer. For e:_ple,

"_ we were able to detect the 0+ spike produced by the natural oxide layer on a i

'_ -_gnesium specLmen (whose thickness is several tens of angstroms) and follow it 4

_' _rogressive disappearance as increasingly deeper layers were analyzed.

b. Isotope Analysis

': _ The simultaneou,_measuring of ion currents, corresponding to two isotopes

_= _f one and the s&me e lemeut, yields the isotope abundance ratio of this elementr

" _n the sputtered volume. If the mutual diffusion of t_o isotopes is to be
l

tstudied (or the diffusion of an isotope in the natural element) it is, for ex-

ample, possible to make use of ionic scouring for observing the variation in th

'_! _sotope ratio as increasingly deeper layers are being analyzed. It is also
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possible to make a cut parallel to the dire ztion of diffusion and view the image

of the region where the diffusion is produce,_;a photometric plot would then

permit to obtain the diffusion curve. It even is possible to use the distribu-

tion images for detecting "isotope segregations" within the ratural specimens

which, during their history, had been subjected to high thermal gradients.

Speaking generally, in all cases in which the tracer method is inapplicable be-

cause of the lack of a radioactive isoto£e, the secondary ion emission could be

" used for studying self-diffusion problems.

c. Analysis of Imw-Concentration ElemJnts

-_ Here, it is a question of analyzing elements whose local concentration is

'" ,low. Various cases may occur, depending on whether the traces of an element
i

distributed over the entire specimen are to be investigated or whether it is
r i

desire_ to detect the existence of an element "withina region which, primarily,

:_ 'isdefective in this element while the same element is present at a considerabL

_ concentration within the specimen (it has been reported, for example, that

_lumlnum is present in the "black" areas of the distribution of this element

_ _ithin the A1-Mg-Si alloy, discussed in Chapter II).
J

i To determine the accuracy of resolUtion and the resolving power that can

5e expected from the analysis, it is primarily necessary to define the ion

_ yield of the considered element. However, this yield depends en the alloy in

_hich this element is present and on the chemical bonds which link it to the

_, _ther elements. If on]y an order of magnitude of the detectable concentrations
i

&s to be established, the conditions can be sLmplified to the extreme by assum-
t

_ _ that the wanted element retains the same ionization probability, no matter

' _ which alloy it exists. This means that, for an emission lens whose contrast
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.diaphra_nlimits "_heresolution to ¢ microns, the ion yield which _u]d be

i["''],._,.,_ for a pure element would become " i,j;_,. for the element at the

atomic concentration c. From the expression for the ulti_te resolving tx)_:er ¢

it can be derived that the lowest concentration c detectable, in a volume ¢3

: _rlthan accuracy of p % is given by the expression

:I I

r
1 _" i,z _L Itl exp P

l

_ This form_da, when applied to the case of aluminum, demonstrates that it ,

would be possible to detect a concentration of a few millionths M.th an accuracy,

"" pf 10% in a volume of the order of I a. Under the same conditions, a concen-

.': ,trationof the order of 1% can be detected in the case of copper. Let us men-
J

-_, _ion that if it is a question of a certain element being distributed over the
J_ L

_. entire specimen, such a highly localized analysis will not be necessary ,_ndit

-__Will be sufficient to count the ions er_tted by the entire imaged field. ByI
f

_' _etaining the same contrast diaphragm as that which yields a resolution limit

-_'.bf one micron, the ion yield of the pure elements will be ("°/ while the

_ _ _ncentration of the sought element, measured with an accuracy of p % in a

:' volume v, is given by the exFr_.ssion

_7

)0" I (,,.)"_ t "_ i). 4 K*' Ill exp'

The sputtering of a layer of one micron in thickness on a field of 0.3 mm

diameter would permit the detection, with an accuracy to within 10%, of a ton-i

_" _entration of some I0-_ in the case of aluminum; in the case of copper, a con-I

_ _entration of the order of a ten-_illionth would still be detectable with the

I,_ s&me aCCl/raoy.

This necessitates, on the one hand, that the ion emissions be measured
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with an absolute accuracy (i.e., that the pickup de_-lcecounts the arrival of

individual ions) and, on the other r_nd, that no .icontinuousbackground" will

interfere with these measurements. Such a continuous background ma_ be produced
1

by the diffusion of ions on the mol_eules of the residual gas along their entir#

' path, out the most disturbing phenom_mon would be th_ deposition cf matter on tlie
1, i

spec£men. In fact, the part'_les ewtracted from the target by sputtering may

_ rebound from the surface of the electrode A, facing the object, and may return

! to the specimen where they would de£osit as a thin film. if two adjacent re-

gions contained the same element E, or._ in high concentration and the other in

low concentration, the "redel:_sition" of matter would take place on these two

:_ regions and the detection of low contents of E would become impossible. It is)

dkfficult to say to what extent this detection would be affected since the de-

gree of "redeposition" depends on the element in question, as well as on the

_,:.P.ature, the temperature, and the shape of. the electrode A. Nevertheless, in

the case of an element distributed within the entire specimen in low concentra-

tion, sucn redet_sition is of little significance since it interferes with the

' _ccuracy of the analysis to only an extremely slight e_tent. It Js also of

_" h_terest that the der< tlon of n_tter takes place over the entire surface of

:, .the object. On observing regions that had not yet been subjected to primaW

_ _ombardment, this may be a considerable drawback, specifically for investiga-

tions of surface layers. A very thin diaphragm, placed in front of the object
+

_nd lea,_ng only a region of the order of the imaged field open, would elim:Lr_t_

,_. ,his drawback.
t

_, CONCLUSIONS

,_ The results obtained with this analysis method demonstrate that it is
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ipossibleto obtain directly distribution images whose limit of resolution is of

itheorder of one mic._on. Ho_,ever,these images permit on?y a semiq_,_ntitative

ianalysisin tI_ sense that the emission of secondary ions is not a?,_uVspropor-
i

tional to the concentration of th_ _3_ment sought, in fact, we have seen thati

ithe presence of a few percent of an element in a given alloy my, in certain

_casee,produce a noticeable enhancement of the secondary emission and, o_,the

_ther hand, that the nature of r_he bond linking the elements within a chemic&l

' i¢ombinationhas some influence on the emission. Under these conditions, it is

a rather difficult problem to derive a law linking the intensity of emission to

_J _he concentration, and a considerable standardization effort would be requ:t1_ed

_ _torender the method quantitative. Nevertheless, the dependence on the emissio_

_th respect to the chemical bond will be useful for defining in which type ¢,f

:_ bond the element is present.
i(_ J

With respect to light elements, the analysis encounters only difficulties
2Y,

"' _hat have to do with the _n yield of the bom_z_ed specimens. For example,

,I _/ithium,beryllium, and boron are easy to analyze whereas carbon poses a more

_ _iff±cult problem, _'L_ch is due to the ro.ture of the bonds linking this carbon
i

_; _o the other elements. The use of negative ions, once the problems of stray
I

_7 _missions are mastered, seems to furnish a valuable aid for easy detection of
i

_' _lements with an electzonegative tendency, including oxygen and, no doubt, also

_rbon.I'

i
i The identification of oxides furnishes a typical ex_,_p!efor the scope of

'_ ,_bemethod. A comparison of images obtained with positive ions and with nega-
i

,_ itiveions will also yield data on the chemical bonds.

i'i i

The equipment developed by us can be further perfected in numero,,__o__nts.
I

1 _h_, it is possible to improve the reso3_Ang power of _he images and to increa_•
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!the sensitivity by direct recording of the final electron image. The exact

limits of its potentialities can be establi_heclonly after a sufficienh number

_of ir_ividual studieq on secondary ion emission _ve been performed, so as fo

define all aspects of the phenomenon. However, even in its present state, the

m¢chod seems highly useful for studyin_ inclusions, precipitates, oxides, and

_ iprobab!ycarbides an_ nitrides in meta]lographic specimens. In addition, the

_ :possibilityof a_]yzing insulating objects extends the field of application of
i,

: the ion microanaiysis to all solid specimens. Specifically, natural mineral

objects, where light elements frequently are abundant and where the bonds of

_ioncharacter give the elements an interme secondary emissivity, seem to be the

: material of choice for this method.

In addition, it is possible to predict app3ications to isotope analvses

" and to investigations of surface layers.
(

"_ _ Finally, this method has certain advantages over X-ray analysis, such as

the possibility of improving the resolving power, detecting light elements,

dlrect]_yobtaining a distribution image, permitting an analysis of surface
r

'_ _ayers, and making possible an isotope analysis; however, the method is i_ferio_

" to X-ray analyses in the field of quantitative analysis. Thus, the two methods

seem to complement each other and it would be of advsntage to use them in com-

•_ _ination.

APPENDIX I

i,

The calculation of second-order aberrations in orthogonal systems has been

£reated in Cotte's_thesis in _ very general form. Nevertheless, exactly the
I

generality of his formulas makes their direct application to a practical case

difficult. Before calculating the aberrations in the came of a magnetic prism
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and within the limits of our proposition, let us re_all the b_sic data of Cotte's

The trajectories close to a cu__ve(P), at the _ussian approximation, are

calculated by means of Euler-Lagrange equations written in their Ha_iltonian

form in a system of cur_iinear coordinates (x, y, z). in this system of co-

_rdinates, (F) has the equaticns x = 0 and v = O; the position of a moving

point P of the curve (£) is determined by its m':rvilin_r abscissa z. Let _,

° _.,b be the unit vectors of the Frenet-S_rret trihedron attached to the point P

by a sui*ab]e rotation of the axes b and _ about _, it is possible to derive an

_ orthogonal triple system,which, reduced to Cartesian coordinates, will yield the

:: folloud_ngexpression for the distance between t_ infi:,ite_yclose points:

2- d.__ I - II : "|'t- " ,

_- _here R(z) and T(z) are the radii of curvature and of t_rsion of the curve (P)

kt the point P. For simplifying the calculation, we can take below the case of_

"_ a magnetic prism. In such a system, the magnetic field has a plane of symmetry
F

_ ".d_ereit is natural to place (£). F_- a p .lecurve, we have -_ = O, k(z) = l_

._ so that the expression of d_ become._

_- ,I._: l .r_b.:,__='--. ,IJ':-- '/.'I: (1.2

: ' where I

," _! 0,:_"=-If:, "

,, _he x axis will then coincide with th_ normal to the curve (P) while the y axis

.' )rtll_ ._rpondicular to the plane of symmetry. Consequently, O(z) i8 b_sitivo
) ,

__fthe x axis is directed _rd the center of curvature and negative in the

?pposite case.

The magnetic field i_'. projecte_ onto the axes (x, y, _) along F_, H_ , H:.
I
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At a pcint P of (F), these values become H°.,_, _. In the air gap of the

electromagnet, for the case %hat the field can be considered as being uniform,

i,

: Fig.I.1
.(,

', ENTRANCE FAC£ OF THE PRISi'.t

- j

.i., L"<

,If Fig.1.2
I

We will have H_ = H_ = O. The expansion in series of the vector potential of
f

._' _he magnetic field in the variables x, y makes it possible to write the Ramil-

l

_.,onian of the system, in the vicinity of the curve (F), in the form of a sum

_" _ = Ho + H_ + Ha + He. Here, H_, _, Ha contain, respectively, the terms of

_ _he first, second, and third order in x, y, p, and q; the qt_autitiee p and q are
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bL 8L

the conJu_te moments of the dyrm_ic variables x and y: p = -_r--x,q - by,

(w&th L being the Lagrangian of the system). The quantity Po contains the te_ms

of zero on'er.

The second-order approximation consists in neglecting H3. This '_dllyie]d

differential e_:cationsof the trajectories:

I_ I'.F'"

t

.I ,t:"'"= _'"_(_lb_rL \ (:-3),

" with

g,:, _ elly '--:- n0

• /':" =" 01b - _, _.r/,J '.

where n denotes the momentum mv, while \_x Ye is the derivative at a point of

-" the curve (F). Let us note that 81-{= 8H_
can be replaced by -_x which is equal_,- 5y

" to it in virtue of Am_re's theorem.

_' If (P) is the mean trajectory of the particle beam, then g(z) = 0 since R =

= IR(z)l - mv. The equations of the tra3ectories then are written as

::.. [o11;__1Ia.,,,;. /_lt,_ (I.IQ

• It will be noted t_mt eqs.(I._a) and (I.hb) are independent. A trajector3"

whose tangent to a point is contained 5n the plane of symmetry,or in the first

_rincipal section will remain in this plane; a trajectory whose tangent to a I

point is also tangent to the cylinder whose generatrlces are perpendicular to i

t _ i
' _he plane of symmetry and are based on (F) will remain in this surface or in _he
t

J

second p_incipal section. A given trajectory is represented by its projections!
- ' 1

139

1965020126-141



_uto the two principal sections. For particles whose initial velocity iS _nge_t

_4_ the second section, this is true only to within approximately the second
i

_,._l_rder. _ fact, it will be d_nstrat_ below that, in their subsequent motion

(' -_hese i- particles leave the cylindrical surface and move away from this surface at

" _stances of the second order.

i

:; _ It i. specifically convenient to write the solution of the differential
12

15 equations governing the motion in matrix form. For this, it is assumed that t)m
l )

,5 solutions u(z) and v(z) of eq.(_a) and t'.osol,_ions w(z) and t(z) of eq.(Ab)

i" kre k_own, such that

1.) ! ,,,_.) _ I ,.;'(-) = o ,,,(-) = , ,,,'_.) = o
"' = ' (I. 51i _(a)=o m,_a, , t_'a)=o ,fta_=I .2O _

21 t

_2-I SS_ncethe initial conditions of a _rajec%ory at the abscissa point z = a a:e
25_ I

-:4 .] x(a)=.za y(a)=_,a and x'4,)=:z'., ' " ", ,./(a)= V.,

_ _ i'._ --4 .........................................

2"___his trajectory Wiil be express_ _:,y-.............
28 ....

29 .... :. = _..{--) + .x:,_,(.-) ,=' = n.'.(_' + m,'_;,
30 y = ya,u(z)4- .y_t(-') ny' ---_nya,v'_. nt'.y'. (1.6

52

5._--_hichcan also be written as

?,5..__ x x. : and Y ' N '. y"
= .%1:.:.r'. = "_ "_--- nz'. , .. *n,t' ' ny. )

• i
5.. _here

•,o t _(z) .(_)I ,,,(<) ,-'
•!_. M=, !nu'(z).o'(:)1 N_= ]..,o'(:),,t'(:).
q2 .

'|_ -4

q,!

c_ If the trajectories start and end _n a region of zero field, the matrices

,,-: _hat represent the uniform and rectihne_r motion of the particles will be,

-i*_ _espective2y, between the abscissa poin_ a and zo and the abscissa points b
%0 , ]

_ tnd z, I

- t ...............

I
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i

i

-_ i ,--zol :t -6t

i; -i 1I M.,. " _,d _'!b=, z --= _ tl '
3.... , i

Z O i :

_et 1_. and N,. be the matrices .describing the actionof. the prism in the first I" [

|and in the second principal section, between the abscissa points 0 and O' , z = t

iO and Z = b.

:_;2-- i The plane z = zl intersects the trajectories along coordinates which are

Ji transforms of the position and velocity coordinates in the plane z = so by
15

i

16 Lction of the matrices

19

,j _n their respective section.

___j To determine the matrices M_a and N_s, three regions can be differentiated.

25.....Lt the entrancej, an infinitely thin "_ssage layer" sees the magnetic field
_6 ........................

__,___ss from a zero value to a fir_te vaiuel, which it assumes in the air gap of

2 _he electromagnet. In this air gap, which is the second region, the field
_)_

_I _ _'ema::Lnsuniform. Finally, at the exit, the magnetic field returns to its zero

___ _lue through a "passage layer" identica_ to that encountered at the entrance

y_ fide. The transition matrices describing the action of the prism at the
3___

__ ,ntrance, for example, are as follows for the first and for the second principaj
_

_ ruction, respectively:

q [

, 1 I O,

i °l _m_ N,= I_i_ellire,.:_..... .%!.= _ el[t_ ¢' I,

_.. _here H is the value of the magnetic fie_d and e' is the angle of th_ tangent

i_ ".hetrajectory with the normal to the entrance face (see Fig.l.2). The action

_'_ )f the prism in the first I_incipal eect_lon is expressed by
5o 1

q

52 ! .............
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:) Where ¢" is the angle of the tangent to the traJectoz7 with the normal to theto __I

fxit face of the prism. In the second principal section, we find12

t-I

','II' o I' -oi
16 :0 n. !

17 _ I 1 0 1 Ya

,r Xiell tg t' I xl.9_l •
19

20
t

21 ! From these statements it is easy to derive eqs.(15) and (16) which give /++
22 _ i

++_--the positions of the conjugate points in each of the principal sections. Tile

ii
26 ....
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39d).- /lelion-oJr Mi/orm Field =ll I *- et , .-etX ,I+, t'!p(_l)
_- _*' -R-- + _'+--_..).+ "') " -d t_,,

•_l ._ Itl

,i2 _ i

, + + ,( +)'
t

4__ I "1'1 " "_,"'1:! =-ii _ .,Is) - t--_,.,"(:I---ilt a- :t
,+4+ Peeenle loy#r _l the I

' 2ll | it_ I ,i
| S I ,fru lhe +Uqlael i ,,1.) . _,'l,, +. el,, I'(,) = i:.... . . --_ = ,7, - +-

18 i/elion o[ Zero Field ,,(=l_ + - _1" -'fat 4

,19 _+ lllendinl l./'llr lhe Prillll + ill +- I Ill =- 4 +I
50 ._ ,'(m-" ,, - ";;-- : +('l" _- - -_ ,,,

• .2............ +i

52
....... , ......... "Jr+ - ................................................

I
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t
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1

r

; _calculation of second-order aberrations 'requi_'esknowledge of the functions u,

r '_- v, w, t as well as of their derivative. In the symmetry case, which is treated
! --4

_ _here, we have -tan ¢' = tan ¢" = ½. The matrix fomnulation permits to establi_ :,

6 i
v iwithoutdifficulty, a Table of these functic,ns for each of the regions travers_

'_ iby the particles.

ii i
12 !i. _'alculationof Second-Order Aberrations
13

I

15 The formulas derived in the preceding Section _rmit to calculate, to with.
I(

,v in the second order, the position and velocity coord_'_tes in any plane z, pro-i
18 '

19 vided t_t _he value of these coordinates in the plane z = zo is known. If a
_0

n more accurate definition of the trajectories is desired, the equations of motioJ
)-_
.... -I

es_ _ast be solved ,,d.th consideration of the term He. It is also possible to intro.

25__ uce a parameter ¢ for describing the hsterog_aeity of velocity of the particle:
26 ............................................

•7 Since u, v, w, t are pal_icular solutions, defined above, of the equations
28__

-'9__._f motion written on the basis of the Hamiltonian _ = vo + Hx +Fm, the solu-
Su _I

[ -ilon of these equations can be given the following form:
-,:

- t3t. 'i a_: (',u + C,,, './= l_,w"t- [',_
_e, p = .C,,,' + ,1;,,' ,/= .Pl./+ .l',t' (I.7

_6_ q '
_7 --ithere the constants Cx, Ca, r_, and P2 _epend on the initial conditions. It is

,o _Iso possible to determine solutions of the form of eq. (7) for the differential
,i. _quations of the trajectories written ori the basis of the Hp_ailtonianI! = No +

4_' H* where H* contains the thiN-order _erms originating from H_ and the terms

"'_--introducedby ¢; then Cx, Ca, FI, Fa bedome functions of z. On returning to th,

q7

,:.-_ second-o_der approximation, it is necessary to _turn to the solution of equa-

.,9 _ions written on the basis of _, so t_t C_, Ca, Fx, Fa can be given the form

_ )f an expansion in series in infinitely _mall quantities of the first order,
52 _ .............

I" 1
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[

! ,_hichare the initial coordinates.

-I Now, the entire problem reduces to a calculation of the various coeffi-E

ave functions of z. To do this,

cients in these series, which eoefficierlts

C -!C;'_ otte considers that the expressions (1.7) define a change in variable.strans-

_ _orming x, y, p, q into C_, Ca, F_, Fs. This same
author mentioned that this

!o ._I
!I _%ransformatlonis canonical: The new variables Cz, Ca, Pl, Ps are dynamic vari-

i_ _bles. Since CI, Pz az_ canonically conjugate to Ca, Ps, the differential

15 quations of the trajectories will assume the following form:
16 t
I" ]

i _ dC, 3K dtl, _ K

lo d: -- Dr': d: -- _ £,
2,J d[', D K dI'.. 3 K (I .8

-:.__.

"3__
24 ¢here K(Cx, Ca, F_., Fa _ z) is the new Hamiltonian function. The solution of the
25

-_6= Jystem (I_8)which satisfies the initiAl_conditions ......................

2&- C,(s) = _,, C..Jd) = _j, I',(._ =: _,_, l',(,h --: ._,

50
I

5; s written in the form of expansions in serie;Jin {i, {a, _z, _a whose expres-

:',5-- ions are as follows: i

_5 I

25(, (i,f:_::- _:_ e,',.,O,(..), �Aoo¢:
37_. i

_t) 2 _ '
40 i,k

12
i

]5 .. i,tt

'(' E E

_; i r,(: = "r,,+ t:0irt_-a (;.,_i_,_, !

qS i i,k

50 . '

i i,/¢

1 " ll, I. ] .... 1,
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........................................................ 4 ............................................

t _. d_re

3-- A_k := A,_, l:.i,-= F,.i, B.. =-. Bs., I_'i__- I:k_

6 The expressions of these coefficie_.s will then be:
7

s_ Chromatic dispersion:
9__.

10--..

1__ _

13__. Chromatic aberrations:
r

_4__ = :

• [5.... ": _

i6..... Aoo= j (,o,.+2_,,_,-+2_.,,_,_ _,,¢,

t "17 .... : + 2_.,?,_,+ _,,_,)d: :

IS.... Act= (X, + ?,_.,,+ _,_2,)dz
19__t

f::, .. *o,=_.I>.,,+,,,,,,+,,,,,la
22_

25__ Boo ---- - + _,,?,+ 2_,,_,_,+ _t,_,

2<.)_._ + 2_,,,_,-J-2),,_,,)dz
25_._

I

26__ + .................... . .............................
27_ 1

28_._. _--

50__ : _, .)4 " { " - (_

' C¢ ) ' (,

) :,

34__: 'i..................... )........................-_' '

iI)..-..... f ,AI2,1:-
36-- . g " Ja" ':

37__ ', .... , il

39__

,12_ .,::= :__, . - :.: . . __:-=---._._:_4__. I! '

f: f, , _,ct,.:,l,_ Ate.. ' Au, ..pd: h
44 ..... A,,,-) )

45.,_ I. -" '}""............. ii

49_.'.. ' .........

5), ..... ,

52 ....................................................................... [ .............................................. --.........

L._.-.:............ ,.....::_.;.::::.:._ .......:-.__
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I
: .... ! ....... 1
L ........ ! ........ J

.If ...........................................

1._ I ........................

:i ....... ii3-.- Ii I
II , z, 1; i li , :

____ i I:'il_: J_l.nd: I']l_= , .,

0 ..... ._ g

lo__ ,I . - i

13_

w,__ None of %;lesecoefficientsare ind.e_endentlrelationsexistbetlmen them
17 .:.'_ _ :

18.] luch as Is"

"J_O E,z.=. C2," - (I Eu I) n ":: o
."{ _ _, !'],,l -- tL, _ 0 l:j-. -- I),.., _ 0

22__ . t

23__- i
24.___ewell as ten relationsof the type of

{

25__

..... _ 6 .................................. :_ 01 ( : ) 4- lie,J=,) = eon,dlini . -...............................

27___

28__ i

29__' _ the case of a magneticprism,the functionsof z which appear in the
3O___ I

_._ntegr_Isaro expressedby
I3t_

32._ ! '*

_4___ i,), =, De _o.,= ,,? -- ?_ " _'g
)5- . _. ('II1 _ li _i i 611 =: l' _-I_I

36__37.... )'it_ -- u" _¢ )'it"-=" -" " _¢ ;%"-_ -- "" D_

38___ .'i_,i D,, • O,i

3<) ._ _i,_ " DE _,,.....,.'t'_¢ _.,, = - i" D_

40__ I.-i,here
"" "t5__ _I _ I'#1 ", lid , _ l _ lifO,

44 L_--- '_ t ":; 111"":-_.Aliil 'l-_.- it If,I }n = G uivi+A luvi,4,l)u,ml

,ti_ _| "ll;=#iliull v '-f-vii )'t' liuil ' }ll"_Glilt 'l'i- tu'll/ll4.. [iuqlil "

49_.._] ' . - ' "I'I==GU"'I+Au_'¢I'_t Dil'll,l_ . ,_i.+-...-+._(]vll,ll.p,%l.,vi,,l,7 I)l,'f,,i,l

10 Ill'it / ' I " I '

51_._ l ..
i ,, I

/

i............. -I

I
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i
i

: !

i ..... I ...........

, /_211,1_. ,0[?11,._

"7

s .-i In the hypothesisof an. equivalent_gnet, the magneticfield changes
,)

_0- _brup_lyin value as soon as a passagelayer is traversed,so that the funct.4_
11 I : I

12 B, D, and G become infinite;the same holds true for the coefficients_Ik, _,_,I

>! tnd¥I. Nevertheless,a calculationof the aberrationcoefficientsremains
15

t6 . _ssible since_,_, _,_, and y, enter only with their inte_als. The Table of
l')_

;,'< _lues of the functions A, B, D, G can be established for each -f the regions
19

2o ;raversed by the particles.

22_
i23__ ,=-....

25 .... _ _

28.... ! . /a,,,,_ ,a,,_\ e,,_ /a',,v\la,,,xIi

} '" q

_o p..,.,,.'.,, (t..,,,o. - o_ '/ _k-'_-_, ). '-a-: +_ -'t _./.+_t_-,-).,,
30 .... _ ..................

_2_ air Gq, ...... , - o,, o _

,4.... ! - _" "t_ L-:_t_;).1.-_ ,'o- - _i - "__*-_'"_ _;_"
,6-1 ....... i ............... I............. '

39 _1

.R} 4

41 ._

.i2_ii,- The orientationof the axes (x, y, '..,'.)is as indicatedin Fig.l.l:_:bax-.axi_i4 s d'Irected opl_site to the center of c_Lure, so that _ ls neg_-;.,i ;_ I_t a;

,6..__ut _ (zl " n(_), h(z) > 0 and let us dodge by I_the normalto ._.}:.:_.-::ttrance
4? i
ia ['ace,which yields !

,t9 I

5O
dx=,i, ,'_,. ,_S= _. ,'_,. [_"M __ _.

51 _ _:r 1. &,
_2

.... } ..............

I
I

1965020126-149



I .......

,. Thi_ leaves thrae types of integrals to calcuJ_te:
)

_-aTz/. :' I, = j i(:) Ij(=)I?ZI. ='
(,

. ,,=f/i=)P-:!J'I.-

._; I
,=

ll!°-_::_ending at the "thicknessn of the passage layers, where f(z) is a function

l: _hich remains finite on passing through this layer.

_ Let a and b be the curvilinear abscissas of the points 0 and 0'. At the

q6 3ntrance to the prism, we have
17

:_" f'" dh sin ¢'

l'_ J'=/(")" J, aN ....,',,.__' ,d.X =[(")" '"_ -.'ll = -/(a)ll ,g,
2o

2i Ind.,at the exit,
})

23__', ll=:/(l')" [o ,lt,/X ._i,,.¢"• ._lX -_/(b). t_g¢_ l - I1_
I ¢).'.s

2s. .= -.- 1(t,).1t tg ¢.

")(; . _ _ _ - ...................................

27_ 31nce O(z) = - -el.iwe will have, at the:entrance to the prism,

29

3(;,l [C=/(a). f _ _ ehv,,,dll.lg ¢'

_. = -- ,-] "1(,,) tg ¢' "_- = ?,,

_s"_tnd' at the exit, i!
" j'O ,,1t

%S l,a:[(b) " - .dh' IL'¢"

_') : - 7,/(t,).... 77
l[ -_ I

_ ith respect ";othe integral Is, we can tare thatIt

r" \a,, d. _' '_ ¢, =-.1(,,). 'g , [dh

_') dh

_o _nd tha" --d_-is zero _.+-.the er#,ranceasIwell as the exit of one and the same

,;: _ssage layer. Consequently, we have Is = O. .

_.8 _ ....'
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:_ .! The functions B, D, G appear _r_y at the entrance and exit of the prism, ']
1

, !
I

_-._ver the _erme_.iar._ _f integrals of the type Ix and _ o Conversely, the func_

_-- %ion .A intervenes all along the air gap where, aa_ciated _th the functions /26_

- _A,':v, _ , v' , _ , and t' , it gives rise to the caleu_tion of integrals of the

u_?ype j, _-@_i,_ , -dhere m and n are integers while @ Is au integratior

i_ i The functions u, v, w, t and their first derivatives have been defined |

i

,_ . _: l
i_ iAb_ve. H_Never, let us note that, on traversing the entrance layer for example_

:_ _t is convenient to use the funct._n eh(z) for d each time that u' is associ-

_ _ted w_th D in _he calculation of an integral of the type _.

21 J
--i After calcu_tions which offer no fue_her difficulty than the length, the

"4. --|

25__!

-_-' f' " f2 [_ ( "
_n .:

. , _ ,, . ,,'_wd:_ 3+:t ,-- . -_- '!
_,5..... '

: -q

54._ _ ,

-r t' "_ ' ; j:_.,d: 6__..o"'t_: - • B = ,, i!
";6_ , ..... '
37__.

. da

'C ( --)' f' ':ll ._ _i "felt -= 3 "" _ "ftd: = (a- ,":.}--

_3__ - ....................................

.t6 t

•_7 -" For ca!cu_t_a_g the value of the cbefficients _n any plane z - zz, it can

•_9. _e stated t_at i

;°..... f2' f: �f_+f"5!.. " _ Jl_

(

• . ......... ]

i
1
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, r.' _o that, in taking the point z = s, in a region of zero field, we have . -- =
2 1 Js

F:f[-' = O since A _ B = D = G = O and, consequently, = . The above Table
i

_,hns gives the values for the coefficients describing the g_metric abers_tions
f,

i
-"_n the expansions C_, C_, Px, and Fs.
S .:

_'_ With a prism, operating under symmetry conditions, the crossover ._fthe

I1 _mission lens is located at 2R of the entrance face while the image of the ob-

_ 8R

I_ _ect surface, given by this lens, is located at T of the crosso-,er. If the

,_rossoverof the lens is placed in the plane z = Zo, we have
15

16 i

!S I -= 2R---.. I, =_ |_ -- _| R -.t-_-,,.

1,) !

20 .!
2t t is possible to define a trajectory by the coordinates xo , _b of its inter- .

_ _pection with the plane z = Zo and by the angles made by its projections o:_o thd

)_ _lanes (:x:, z) and (Yt z) with the z axlo. I_t _ and _ be the angles that defin,
25 __ ..........................

_7____he--s_xis-of_atrajectory pencil Converging initially to_rd a point of the ima_

2v and hax_lngan aperture limited by the geometric dimensions of the crossover.

_r Then, 5x, _z, 1Ix, _ assume the fol_wing values:

! (3)5t__

55_ _,,=-u,, _': -- _ - s- flY"5tq

.... 1

S - i

_<,,i[n the plane z, = b + 2R, eqs.(7) will yield
to i
,i... _(:,) = (:,(_).-(za) + C,(:,).,(z_)
i.' :_l:_ = r,(z,).,,,(zt)-i-P,(zO.t(--_) '

-,,_ _nd, since,

,5 u(_) --- - _, ,,.(z_)= - _, ,,(,._)= t(z,) = o,

13 te have

,i<)
,(:,)......Q(_,)

5_)- y(_._.... r_(:_).

!
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I

For comparing the value of the aberrations cal._flated at the level of the i

) .crossover with those of the aberrations measured by Hermequin, let us take ¢ = I_

a_ _ : yo : o. This will yield
6

.... .r _ - 411,_"-- 811_'

.'I = -- l(.-llx_._.
9 . -

i
!0 ....,

i The term in _ is identical to that c,b_ined by a classical geometrici: i

:.- _calculation;with respect to the term in _s, Henuequin found a coefficient

_: havlng a Talue of ahau% 1OR, w_,_chmean3 that the agreement is satisfa&_o_.
_6

!

.7 '

_ _. Chromatic A_rrat!_:_

D) i

2n 1
2, i The coefficients _oo and Poo will not be calculated here since below we
_2 __{

-_5.--ki]i neglect the te_s in cS. This leaves oln!ythe functions _ and _ thatJ
24 . 4

2_..._eter_e the dispersion of the prism to ;:ecalc_L_ated,as well as the coeffi-
_'6___................. • ..............................

- --_ients Ao,, _os, _,, _o_, Co_, C_, Do,, _. Let us note that it is suffi-
2_ 4

29 _ient to take the integrals between the limits a and b since, outside of these
._o-i

51--_imits, the magnetic field is zer_ and since Cx, C_, Fz, Fs return to being con-

_--_tants •
.'-4.2

I

-_-_--4 Dispersion of the priam:
-_--i

II

J S' =-°' )
Z--G

-,-, •At the level of the crossover ff , sk = b + _R, x(z,) = -O_, neglectln_ L
15.... '

:_,.bhe see_l--o_ler abe_'a"Lions, we will tl-_ have
,17

49 ;(:,)= - _.- e?,= - _0+ ,
5Q _ ,,

_; L.e., in view of the fact that ¢ = Ava_. n = my:

1_ 1 -3.... 151
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" Av AV

-' ; ¢_

which is the classical expres.sion for t_- dSspersion in the case of the prism

used.

Since ___n = m, the functions Lxa, kx2, kay, _,.x, _x_, _2 assume the
i, _. _6

;, ¢o]lowinv form: I

;KII _ -" tn:_':¢, I_lt ==- --- /#Jl_'l", /_ =- -- //lO t$

; ' _ .F, = - " "":. F,z == -- m,.'f, 3.-t : -- m_'S

:'- i Since t' = 0 in the prism, it follows that _xa an_ _2 are _ero and,

consequently C',al = Co_ = ;ha : O. This leaves
..,o ,o

2- i "L,

, j ,.,. ,l==. jjl: .-, --; Do t = 's tn ": N_--- . . _. l{8 "
2"--4
?..__!

2._ _he calculation of _he coefficients _x, _, _, P_a = -_x is much ionger.
2(, __ ......................

2-___ fact, it is necessary to calculate a Table of the fine integral.s, as foll_ws..
•2,_ i

-i
_,) _!

_,i ' , h

; at,if,l::- - ...... I )---'/=- --3? i t,-" 2 2. ,_ -- ,, _2 ! ,,
_5_ ............................................... -_i

v;__ -i ¢ : ' ;I
_7 , ................... ;............ il '

" - a_,s_,et: _ ": = " 3
,_) . 2I
_{_ ---

'_-- _ simple addition of the results in each column, this will yield _he value of ,

'_ -he wanted coefficients

+_ A°_=-- 2 n' Aos=-+6 nt ,
I

I

IO 9 m ]
50 Bet= "r _ [{, Bet"= 5_, m

92 - - ' J

i 152 ] '?
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! he values of the coefficients P and C, reduced to the chromatic aberrations,

_. kre then as t_2Llows:
I

-i

i I n,','

Cz(') = _° -- 4 == R .... x o -- 5 -- B=

c',b)= ,,_- gTi"+ "_ + i6 '
-"2_ :

'5 it the level of _he c_s_over, we have x(zx ) = -Cx from which, neglecting the

!;.--g_c _:_e_at._.ons, we obi_.In

"'_ . i, 4roll I mt 6 !,,c R_.

!n 1

_0 in the p_ne z = b, we first
21 1

22_ [
2; : _(bj= .(b)C,ib)+ ._b)Ci(i,)= C, , 2RC,

• 2 -_ n

2t._ i

-- ._., :-3glecting the geometric aberrations,
26 _.1 ...............................

_0 m_ 1
t.7, R_,

.... ' z(b'j :llx- -- |1 m _' 2 -' --= :'-'- ,, --8 n x° ' n "

_o-q
q----_a_ng _n_o consideration all _eeond-order aberrations (excel_ that in ¢_),
._.'j
55--_btain

35_.. ,, = =,_"" Zo4-c' -i- g ,{zo
xtlf, -- "- _"¢ |l I .,¢

-. /it

2m¢ Xo_ Yo_
57_ _. _ - Ii_. - i1_a-- 211_,* .......
jo-;.,_ n . 4 2
39-__

40 _. _-- I _trt£

4:_ _ (_)

'_- ,4m¢ i ,_¢ 6m¢
_6 =(:')=-- _'+ T R+ i n Zo+ --_ Ra-- 4Ra'--gR$'

.i7 "1-(n- 2)y._
i. , .v(',)=- t_.- _6B_t_+(n- _)y,_.

,4Q

50

@
53..

i "1

i
1
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